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1.1 Climate changes: impact on plant growth and food production 
 
In both natural and agricultural conditions, plants are frequently exposed to 
environmental stresses, since their inability to move. In fact, plants cannot escape 
from the surrounding, but they adapt to the changing environment by molecular 
responses to copying with critical situations. In this framework, biotic and abiotic 
stresses can became limiting factors for crop growth, development and productivity 
worldwide. 
Among abiotic stresses, anaerobic conditions is a common problem that plants 
have to effort in their natural environment. Oxygen (O2) is essential to plants as 
obligate aerobic organisms. It is the terminal electron acceptor in the oxidative 
phosphorylation pathway, which provides ATP for cellular metabolism. Plant cells 
are frequently challenged with limited levels of O2 due to changes in the external 
environment or high rates of cellular metabolism (Drew, 1997; Geigenberger, 2003; 
Gibbs and Greenway, 2003; Greenway and Gibbs, 2003). Natural conditions such as 
spring floods, excess rainfall, winter ice encasement, submergence and soil 
compaction can lead to O2 deficiency (Bailey-Serres and Chang, 2005). Flooding is 
one of the most important environmental stresses worldwide. Anthropogenically-
induced global climate change is expected to increase the frequency and severity of 
flooding events (Arnell and Liu 2001). It has a dramatic effect on the growth and 
yield of crop plants because most of economically important species are intolerant to 
flooding. In fact crops, like maize (Zea Mays), rice (Oryza sativa) and tomato 
(Solanum Lycopersicum L), are fundamental in the feeding of people that lives in 
country subject to natural disasters and are very important in the general framework 
of the worldwide population increasing (Population Reference Bureau, 2007, 
Washington, USA). 
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During the past decade, natural disasters have been increasing in frequency and 
intensity with a particularly devastating impact on agriculture. The most recent 
World Disaster Report of the International Federation of the Red Cross shows that, 
during 1990-1999, wind storms and flood-related disasters together accounted for 
60% of the total economic loss caused by natural disasters (IPPC, 2001) (Figure 1). 
Moreover, the World Watch Institute estimated that during the first 11 months of 
1998, weather-related disasters caused more than 89 billion dollars in economic 
losses, resulted in 32,000 deaths and displaced 300 million people from their homes 
and livelihood systems. In the August of 2005, hurricane Katrina had a terrible effect 
on export of major crops cultivated in Lousiana and Mississipi, like maize, cotton 
and soybean.  
 
Fig 1: Percentage of total economic loss (IPCC, 2001) 
 
In this framework, a better knowledge of physiological and molecular 
mechanisms involved in plant stress response to flooding will be important, in order 
to discover and isolate tolerant cultivars able to get over adverse conditions and to 
help the development of a sustainable agriculture. 
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1.2 Plants response to low oxygen stress  
Cell reduced O2 availability can either be described as anoxia, when no O2 is 
available, or as hypoxia, when a partial reduction of O2 availability occurs. In this 
latter situation, cells are still able to produce ATP via oxidative phosphorylation 
but energy usage is optimize by reorganizing metabolic fluxes (Licausi, 2011; 
Rocha et al., 2010). During submergence, a slower diffusion of gases dissolved in 
water occurs, negatively affecting O2 supply to submerged organs and causing an 
accumulation of carbon dioxide (CO2) and ethylene in flooded tissues (Visser and 
Voesenek, 2004; Jackson et al., 2003).  
Oxygen is essential to plants as obligate aerobic organisms. It is the terminal 
electron acceptor in the oxidative phosphorylation pathway, which provides the 
vast majority of ATP for cellular metabolism by regenerating NAD
+
 from NADH. 
When oxidative phosphorylation is not possible because of O2 depletion, some 
ATP can be produced in glycolysis through the NAD
+
 regeneration via conversion 
of pyruvate to lactate and ethanol. Lactate is produced from pyruvate by the action 
of lactate dehydrogenase (LDH), while ethanol production is the consequence of 
the decarboxylation of pyruvate to acetaldehyde, catalysed by pyruvate 
decarboxylase (PDC), followed by the reduction of acetaldehyde to ethanol, 
catalysed by alcohol dehydrogenase (ADH). This switch to anaerobic metabolism 
allows the production of the ATP necessary for the survival of the cell (Perata and 
Alpi, 1993).  
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Fig. 2: Metabolic adjustments during low oxygen response (Adapted from 
Bailey-Serres and Voesenk, 2010). 
 
Other metabolic adjustments are involved in this adaptive response. In 
different species it is observed that metabolism of pyruvate to alanine provides an 
alternative pathway to respiration during anaerobic response. This additional 
mechanism includes the generation of 2-oxoglutarate as co-product, which can be 
further metabolized to succinate, via the TCA enzyme succinate CoA ligase (SCS) 
providing additional ATP per molecule of sucrose metabolized (Limami et al., 
2008). At the same time, the oxidation of NADH in the mitochondrial matrix is 
guaranteed by reduction of oxaloacetate via the reversed TCA cycle reaction, 
catalysed by malate dehydrogenase. The malate is produced and converted to 
fumarate and succinate and this is exported from hypoxic tissues to the aerobic 
part of the plant (Rocha et al., 2010; Sweetlove et al., 2010).  
Although a metabolic reorganisation occurs, an energy crisis follows reduction 
of O2 availability since aerobic respiration yields to 38 mol of ATP while 
anaerobic pathway only 2 per mol of exose (Pucciariello et al., 2012).   
Chapter 1 
 
6 
 
During submergence, two different situation occur on CO2 diffusion: levels 
can increase in roots in waterlogged soils (Greenway et al. 2006), whereas when 
the shoot is fully submerged, CO2 influx to chloroplasts is slowed down, limiting 
photosynthesis (Mommer and Visser, 2005). Furthermore, the reduction of light 
intensity in submerged stems, due to the turbid nature of floodwaters, prevents 
photosynthesis under water (Mommer and Visser, 2005). In contrast, in flooded 
roots, where no CO2 is consumed to produce carbohydrates, this gas tends to 
accumulate (Colmer and Voesenek, 2009). CO2 can accumulated to 30-35 kPa in 
soil of a waterlogged soybean field (Boru et al., 2003) or until to 40 kPa in pots of 
soil from rice paddy fields (Greenway et al., 2006). The main negative effect of 
high concentration of CO2 is due to the fact that it can interfere with root 
metabolism via an imposed acid load, by general disruption of metabolism or by 
direct inhibition of respiratory activity (Greenway et al., 2006).  The accumulation 
of CO2 in roots is mainly due to the slow gas diffusion leading to build up of high 
concentrations of dissolved inorganic carbon derived from catabolism by micro-
organisms in the soil and by plant roots. So CO2 and bicarbonate ion (HCO3
–
 ) 
levels in the roots will depend on the equilibrium between the input of CO2 and 
pathways which move inorganic carbon to the shoots. Plant species differ in the 
tolerance to high CO2 in the root zone, with wetland rice reported as more tolerant 
than dryland soybean (Boru et al., 2003). It is important to emphasize that this 
type of tolerance is due to different adaptations. In fact, in this condition PCO2 
(equilibrium pressure) gradients occur when the sum of the CO2 production by the 
root and influx from the soil is balanced by ventilation of CO2 via the aerenchyma 
to the shoot. This mean that during waterlogging a large gas-space continuum 
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would not only supply substantial O2 to roots but also retain relatively low PCO2 
(Greenway et al., 2006). 
A third endogenously produced gas which changes in concentration when 
plant tissues are submerged, is the plant hormone ethylene. Physical entrapment, 
combined with a very low rate of catabolism (Hall, 1991), leads to an increase of 
ethylene inside the tissues of submerged plants. A physiologically relevant 
increase in ethylene concentration can occur within minutes after submergence 
(Vreeburg et al., 2005). Enhanced accumulation of ethylene is not entirely 
attributable to entrapment of basal ethylene production by the covering water but 
also to enhanced biosynthesis makes a contribution, depending on the species and 
duration of submergence. For example, in deep-water rice the partial O2 shortage 
in the stem lead to an increase of ethylene production of about 4-fold. This faster 
synthesis is associated with the increase in the ethylene precursor 1-
aminocyclopropane-1-carboxylic acid (ACC) (Raskin and Kende, 1984a) starting 
within 2 h of submergence (Cohen and Kende, 1987) and with a delayed increase 
in mRNA coding for ACC synthase that generate ACC from its precursor S-
adenosylmethionine (Zarembinski and Theologis, 1997). Also the expression of 
some ACC oxidase (ACO) genes, that catalyses the conversion of ACC to 
ethylene, increases within 4 h of submergence (Mekhedov and Kende, 1996). 
Slowing down of ethylene biosynthesis by low O2 can also occurs in long term 
submergence (Jackson et al., 1984). This is probably due to the fact that the last 
step in ethylene production (ACO conversion of ACC to ethylene) is O2-
dependent, and also subject to inhibition by ethylene itself (Bleecker et al., 1987). 
Thus, submergence of Rumex palustris and Rumex acetosa slows rather than 
accelerates ethylene production (Banga et al., 1996b). This suppression takes 
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place despite a rise in activity of ACC synthase, ACC production and an enhanced 
accumulation of mRNA coding for ACO genes detectable within 1–2 h of 
submergence (Vriezen et al., 1999). 
Finally, another negative aspect affecting the survival of the plants under 
submergence is the presence of microrganisms in the soil that used oxidised 
chemicals as electron acceptors, also inducing redox potential changes 
(Laanbroek, 1990). For example, facultative anaerobes chemically reduce nitrate, 
converting it to nitrite, nitrous oxide and nitrogen gas (denitrification) and in this 
way nitrate is unavailable to roots.  As the reducing state of the soil increases 
further, obligate anaerobes chemically reduce oxides of Mn
4+
, and Fe
3+
 to form 
highly soluble Mn
2+
 and Fe
2+
 (Laanbroek, 1990) that may enter roots and interfere 
with enzyme activities and damage membranes. 
In addition to metabolic adjustments, adaptation to adverse growing 
conditions can also be achieved by pre-existing or newly formed anatomical traits 
such as formation of adventitious roots in non-submerged areas of the stem 
(Vidoz et al., 2010), rapid stem/leaf elongation to escape the water level (Nagai et 
al. 2010), or formation of aerenchyma to facilitate gas exchange (Armstrong and 
Drew, 2002). Although several factors may influence the development of these 
different adaptive traits, ethylene undoubtedly is the main protagonists of these 
processes. 
Among these morphological adaptive mechanisms, aerenchyma is 
constitutively found in aquatic and semiaquatic plants, and is considered to be an 
efficient mechanism to improve low O2 stress tolerance. Aerenchyma physically 
allows gas exchange between aerial and submerged plant parts, through the 
generation of empty cavities that connect stomata to underwater organs. It can 
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form by lysigeny or schizogeny. In the first case, its formation involves cell death: 
cells formed during earlier development die, leaving a space where gas can 
circulate. Lysigenous aerenchyma is found in many important crop species, 
including barley (Arikado & Adachi, 1955), wheat (Trought & Drew, 1980), rice ( 
Justin & Armstrong, 1991), maize (He et al ., 1996a; Gunawardena et al., 2001a) 
and Arabidopsis (Mühlenbock et al., 2007). On the other hand, schizogeneous 
aerenchyma is formed by cell separation, without cells death. Spaces are formed 
by differential growth, with adjacent cells separating from one another at the 
middle lamella. The mechanism is therefore a feature of normal development, 
usually involving the formation of specialized cortical cells that divide and 
enlarge differentially to create ordered gas spaces by cell separation. It is common 
in wetland species like Rumex (Evans, 2003). 
Anaerobic conditions trigger also a rapid change in gene expression, leading 
to the transcriptions of a set of proteins involved in the adaptive response to low 
O2 (anaerobic polypeptides, ANPs,) (Geigenberger, 2003). This response has been 
characterized in a number of plant species among which cereals like maize, rice 
and Echinocloa, amphibious plants (Iris pseudacorus) and semi-aquatic plants 
(Rumex species) (Visser et al., 2003). Arabidopsis thaliana, the model organism 
for plant biology, has been adopted to study even the topic of plant adaptation to 
low O2 (Dolferus et al., 2003). Recently, several genome-wide analysis provided a 
general outlook of different molecular responses that take place during low O2 
response (Licausi et al., 2010b; Lasanthi-Kudahettige et al., 2007; van Dongen et 
al., 2009; Branco-Price et al., 2008). In general, the molecular adaptive response 
involves classical transcripts related to the anaerobic metabolism such as PDC1, 
SUS4, ADH2. Moreover, various transcription factors (TFs) belonging to ERF 
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(Ethylene Transcription Factor), bHLH, MYB, bZIP and Zinc Finger families have 
been found to be transcribed under low O2. The best characterized regulators of 
plant adaptive responses to flooding-induced anaerobiosis are members of the 
ERF subfamily VII (Nakano et al., 2006; Licausi, 2011). This subgroup appears to 
play a crucial role in the determination of survival both in rice and in Arabidopsis. 
Indeed, in Arabidopsis and rice seedlings some modulated genes are related to 
ROS detoxification enzymes, ROS-regulated TF and Heat Shock Proteins (HSPs), 
implying the contribute of ROS to low O2 response (Licausi, 2011). 
 
 
1.3 Rice different strategies to survive submergence 
 
Rice is an essential food crop for billions of people. It can cope with a wide range 
of environmental conditions and, in particular, with low (hypoxia) or absent O2 
(anoxia), experienced during direct sowing in paddy field and as a consequence of 
soil flooding (Yamauchi et al., 2000) (Figure 2). Some cultivars can tolerate 
prolonged soil flooding or complete submergence, thanks to two extreme adaptive 
mechanism that rely on two main plants’ adaptations: Low Oxygen Escape 
Syndrome (LOES) and Low Oxygen Quiescence Syndrome (LOQS) (Bailey-
Serres and Voesenek, 2008).  
Depending on the amount and duration of the flooding event and on the 
distance of plants from the water surface, there are two typical kinds of flood: the 
“ flash flood”, that is not very deep and last few weeks (Figure 3A), and the 
“deepwater flood”, deep flooding for a long time (Figure 3B) (Hattori et al., 
2011). 
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 Fig3: A) The “quiescent strategy” to survive flash flooding conditions; B) The 
“escape strategy” adopted during long term and deepwater flooding (Hattori et al., 
2011). 
 
Tolerance to flash flood (i.e. submergence tolerance) is defined as ‘the ability of a 
rice plant to survive 10–14 d of complete submergence and renew its growth when 
the water subsides’. (Catling, 1992). Recently, the mechanism responsible for this 
tolerance in lowland rice varieties has been identified (Xu  et al., 2006; Fukao et 
al., 2006; Fukao and Bailey-Serres, 2008). In fact, some rice varieties are able to 
survive to this kind of flooding adopting an energy-saving strategy. This 
adaptation allows the plant to avoid unnecessary use of energy and save nutrient 
resources for the post-submergence phase (Fukao and Bailey-Serres, 2008).  
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Fig4: Molecular mechanism during the “quiescent strategy” (Hattori et al., 2011). 
 
Lowland rice cultivars, like indica ones, are typically cultivated in flooded 
fields but are generally intolerant to complete submergence and die within a week 
under stress conditions (Fukao et al., 2006). Only a few cultivars, such as FR13A, 
can survive up to several weeks of complete submergence, adopting a “quiesce 
strategy” (Figure 4). The submergence tolerance of FR13A is linked to the 
presence of a major quantitative trait locus (QTL), known as Submergence-1 
(Sub1), on chromosome 9. Detailed genetic and physical mapping of Sub1 
revealed that this locus contains a variable cluster of genes encoding, among the 
others, three transcription factors, Sub1A, Sub1B and Sub1C, belonging to the B-2 
subclass of the ethylene response factors (ERFs)/ethylene-responsive element 
binding proteins (EREBPs)/apetala 2-like proteins (AP2) (Xu et al., 2006). Sub1A 
is limited to a subset of indica varieties and a single aminoacid substitution 
distinguishes the Sub1A-1 allele of tolerant varieties, including FR13A, from the 
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intolerant Sub1A2 allele. Through the study of the near-isogenic japonica line 
M202(Sub1), that was generated by the introgression of the Sub1 locus from the 
submergence-tolerant indica cultivar FR13A in the submergence-intolerant 
cultivar M202, it was demonstrated that the ERF domain genes Sub1A and Sub1C 
are differentially regulated by submergence, ethylene and GA at the level of 
transcript accumulation (Fukao et al., 2006). The development of near-isogenic-
lines (NILs) is a very important tool for both genetic and physiological dissection 
of resistance in plants. In fact, this new line differs from its intolerant parent in 
only one genomic location, in this case where the tolerance-related Sub1 QTL is 
located. Using specific molecular markers for that QTL, back-crosses are made to 
the recurrent parent (usually the cultivated variety, in a wide cross) until the entire 
genome of the line is exactly like the recurrent parent except of the region around 
the defined locus. Any phenotypic differences in progeny is then most probably 
due to the QTL linked to the marker locus, thereby validating the QTL 
(Venuprasad et al., 2011).   
 The presence of Sub1A-1 in M202(Sub1A-1) results in ethylene- and GA-
mediated  negative regulation of genes associated with carbohydrate catabolism, 
in particular the negative regulation of Ramy3D expression, probably via the 
Sub1C gene, and cell elongation. On the other hand, a positive regulation of genes 
involved in ethanolic fermentation occurs during submergence. In fact, PDC and 
ADH genes are induced during submergence in the M202(Sub1) and also the 
enzymatic activities are increased, suggesting that Sub1A positively regulates  
ethanolic fermentation under hypoxia (Fukao et al., 2006). 
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Submergence stimulates ethylene production and accumulation in the two 
rice genotypes studied, with significantly greater levels in M202 than in 
M202(Sub1A), indicating a role for Sub1A connected to ethylene damping. 
About the GA signaling, Slender rice-1 (SLR1) and SLR1-Like-1 (SLRL1) 
are repressors of this signaling. SLR1 and SLRL1 proteins accumulate during 
submergence in M202(Sub1A) but not in M202 rice lines. These results indicate 
that the restricted growth of submergence-tolerant Sub1A harboring rice is caused 
by the accumulation of SLR1 and SLRL1, which repress the GA signal (Fukao and 
Bailey-Serres, 2008) 
Moreover, Sub1A is absent from all japonica genotypes studied until now 
and from some indica ones, all of which are submergence intolerant. Sub1A is 
then a key determinant of submergence tolerance, causing a quiescence in growth 
that finally correlates with the capacity of re-growth upon de-submergence.  
With an alternative strategy, deep-water rice avoid submergence stress by 
rapidly growing above the water surface, through the promotion of internode 
elongation. In this way, deep-water rice restore gas exchange, escaping the stress. 
In 2009, Hattori et al. identified the QTL that has the strongest effect. On this 
QTL are located the SNORKEL1 (SK1) and SNORKEL2 (SK2) genes, found on 
chromosome 12, according to positional cloning (Hattori et al., 2009) and 
belonging to ERF-type transcription factors. Transgenic non-deepwater rice plants 
with SK1 and SK2 show internode elongation in response to deepwater, and 
ectopic over-expression in non-deepwater rice of SK genes driven by the rice actin 
promoter resulted in internode elongation even in dry conditions (Hattori et al., 
2009). These results suggest that SK genes positively regulate internode 
elongation. Expressions of SK genes are significantly induced by ethylene 
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treatment, but not by other plant hormones. Furthermore, the promoters of SK 1 
and SK 2 can bind to rice ethylene insensitive- 3 (EIN3)-like protein (Figure 5) 
suggesting their function as ERF-type transcription factors in ethylene signaling 
(Hattori et al., 2009). Also GA seems to be involved in the deepwater response, 
although the relationship between ethylene and GA is still unclear. 
 
Fig.5 Molecular mechanism during the “escape strategy” (Hattori et al., 2011) 
 
As mentioned before, ethylene seems to be the key regulator of the two 
opposite strategies to survive submergence stress. In the escape strategy, flooding 
triggers stem and leaf elongation by prompting a cellular increase of ethylene, 
which promotes a decline of ABA, followed by increased synthesis of, and 
response to GA. In normal condition ABA inhibits GA activity. When plants are 
submerged, high levels of ethylene promote the breakdown of ABA, increasing 
responsiveness to GA, ultimately stimulating cell elongation. In the quiescence 
strategy of submergence-tolerant varieties, shoot elongation is suppressed to 
conserve carbohydrates and increase survival under flash-flood conditions. GA 
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signalling and thus elongation are inhibited by the ethylene-induced action of a 
SUB1A-1 on the GA-inhibiting genes SLR1 and SLRL1, reducing the growth 
(Figure 6). 
 
Fig. 6: Plant hormone regulation in the flooding-tolerance 
strategies in rice (Voesenek and Bailey-Serres, 2009). 
 
Recently, cross-talk between sugar and O2-deficiency signaling in flooding 
tolerance was demonstrated in rice plants (Lee et al., 2009). This mechanism 
occurs through the interaction between the calcineurin B-like (CBL) and the CBL-
interacting protein kinase 15 (CIPK15) that has been indicated as the key 
regulator of carbohydrate catabolism and fermentation during rice germination.  
Generally, CIPK proteins interact with CBL calcium sensor proteins in order to 
propagate Ca
2+
 signaling plant (Batistic and Kudla, 2004), which acts as a 
regulator of multiple biotic and abiotic stress signaling (Lecourieux et al., 2006). 
Additionally, Ca
2+
 signaling has also been suggested as triggering low O2 
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signaling in plants, for example in maize roots and in Arabidopsis seedlings 
during submergence (Subbaiah et al., 1994a, 1994b; Sedbrook et al., 1996). The 
specific CBL that interacts with CIPK15 under O2 deprivation has not yet been 
identified. 
While Sub1A gene is considered a key regulator in the submergence tolerance 
of mature rice plants (Xu et al., 2006; Fukao et al., 2006) as described above, 
CIPK15 appears to play a pivotal role in low O2 tolerance in rice during the stages 
of germination and seedling growth. 
CIPK15 regulates the plant global energy and stress sensor SnRK1A (Snf1-
related protein kinase 1) linking the low O2 signal to the SnRK1-dependent sugar-
sensing cascade. In particular, CIPK15 is able to regulate -amylase abundance 
for sugar production and ADH abundance for energy production during low O2 
response, providing a strategy to survive partial and complete flooding during 
germination. 
 
 
1.3 Direct O2 sensing mechanism in plants 
 
Recently, a direct sensing mechanism of O2 availability in Arabidopsis has been 
identified (Licausi et al., 2011; Gibbs et al., 2011). Until now this mechanism was 
elusive, but evidence of a direct O2 sensor in animals (HIF) supported its presence 
also in plants. However, heterologues of HIF are absent in plants, thus indirect 
mechanisms were also hypothesized.  Plants’ O2 sensing is regulated by the N-end 
rule pathway that relies on recognition and degradation of a specific motif located 
on the N-end end of ERF TF of group VII, regulating molecular downstream 
events active in tolerance. The Arabidopsis Hypoxia Responsive ERF TFs HRE1 
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and HRE2 (Licausi et al., 2010a) and RAP2.2 and RAP2.12 are part of this group 
and share homology with SUB1A and SK1 and SK2 genes found in rice. The 
plant-specific ERF transcription factor family includes over 100 members in rice 
and Arabidopsis, all of which share an APETALA2 (AP2) DNA binding domain 
(Nakano et al., 2006).  From the phylogenetic point of view the ERFs can be 
classified into 10 classes, but it is only group VII to present a conserved N-
terminal motif (NH2-MCGGAI/L). This motif can be recognized by specific N-
recognin E3 liagases activating the N-end rule pathway of protein degradation, 
mechanism that regulates the half-life of certain cellular proteins (Varshavsky, 
2011). 
In Arabidopsis, the conserved N-terminal amino acid sequence Met-Cys 
present in RAP2.12 protein, and likely other ERF of group VII, is the target of an 
ubiquitin-dependent protein degradation under normoxic conditions.  
The mechanism occurs in three steps (Figure 7) (Bailey-Serres et al., 2012):  
1) newly synthesized  proteins with Cys as second residue (i.e. NH2-Met1-
Cys2) are constitutively cleaved by a Met amino peptidase (MAP) to 
produce NH2-Cys2; 
2) the exposed Cys2 can be oxidized to Cys-sulfinate or further Cys-sulfonate 
(Varshavsky, 2011) and an arginine residue is added to the NH2-Cys2 by 
an argnyl tRNA transferase (ATE); 
3) the resulting targeted protein is recognized by an N-recognin E3 ligase, 
encoded by PROTEOLYSIS 6 (PRT6), and leaded to ubiquitination 
through 26S proteasome–mediated degradation. 
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Fig.7: Graphical representation of the N-end rule branch that leads to 
oxygen-dependent protein degradation via the 26S proteasome (Licausi et 
al., 2011) 
 
While protein are degraded under normoxia, low O2 lead to stabilization of the N-
end motif, allowing TF migration to the nucleus and transcriptions of genes 
involved in anaerobic metabolism. The involvement of N-end rule pathway 
ATE1/ATE2 and PRT6 in the hypoxic response was confirmed by the 
transcriptome analysis of mutants ate1/2 and prt6. This analysis revealed that 
genes important for anaerobic metabolism and survival of hypoxia, such as ADH1, 
SUS4 and PDC1, were constitutively expressed at high levels in both mutants, in 
common with wild-type Col-0 plants under hypoxia, suggesting that these mutants 
are more resistant to hypoxic conditions (Gibbs et al., 2011).  
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Whether the N-end stabilization is due to pH state or redox changes is still under 
debate. 
 
 
1.4 Role of ROS as secondary signaling during low oxygen 
 
Among the genes regulated by low O2, a certain percentage is represented by 
ROS-related genes. Reactive oxygen species play an important role as triggers of 
gene expression during biotic and abiotic stresses. In fact, plants are able to 
evaluate the level of ROS in cells and reprogram their enzymatic activities and 
gene expression to acclimate to the changing conditions in their environment. 
ROS signaling is tightly controlled by production and scavenging processes, 
modulating different developmental, metabolic, and/or defense pathways (Figure 
8). 
In plants, ROS can be produced by different cellular pathways, including 
respiration and photosynthesis, as well as by different proteins and enzymes, e.g., 
NADPH oxidases, amine oxidases, and xanthine oxidase (Mittler et al. 2004).  
Other enzymes and antioxidant molecules, including ascorbate peroxidases, 
catalases, and superoxide dismutases are involved in ROS scavenging. These 
pathways are also responsible for maintaining a low steady-state “base line” of 
ROS on which the different signals can be registered  (Mittler 2002; Mittler et al. 
2004; Apel and Hirt 2004) . 
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Fig. 8: ROS signaling is controlled by a process of production and at the same time by a process of 
scavenging, modulating different developmental, metabolic, and defense pathways (Harir and 
Mittler., 2009) 
 
 Also during low O2 an increasing of the production of hydrogen peroxide (H2O2) 
was observed (Banti et al., 2010; Baxter-Burrel et al., 2002; Blokhina and 
Fagerstedt, 2010). Although it seems illogical to think that a decrease of O2 leads 
to an increase of ROS, this is confirmed by various microarray studies 
(Pucciariello et al., 2012). During molecular reprogramming under low O2, plants 
can also activate genes that are not directly regulated by N-end rule pathway. 
Among these transcripts, some correspond to ROS detoxification enzymes, ROS-
regulated TFs and Heat Shock Proteins (HSPs) that are positively regulated under 
low O2 (Figure 9) 
Baxter-Burrel et al. (2002) proved that the activation of a RHO-like GTPase 
of plant (Rop) under low O2 induces H2O2 accumulation via a NADPH oxidase 
mechanism which was shown to be required for ADH expression, thus tolerance. 
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Treatment using diphenylene iodonium chloride (DPI), an inhibitor of H2O2 
production via NADPH oxidase, is able to inhibit the hypoxic increases in ADH 
activity in Arabidopsis seedlings. On the other hand, dominant negative Rop2 
(DN-rop2) seedlings under low O2 condition shows neither transcript 
accumulation nor activity of ADH but increased sensitivity to stress.  
The ROP family modulates signaling cascades associated with a variety of 
mechanism in plants (Gu et al., 2004). It seems that tolerance to O2 deprivation 
requires Rop activation and de-activation and that their activity be controlled by 
negative feedback regulation which in turn requires a Rop GTPase Activating 
Protein (GAP), also regulated by H2O2 (Baxter-Burrel et al., 2002). The 
mechanism that drives the ROP rheostat activation under low O2 is currently not 
known. 
A link between ROS and hypoxic signalling has also been shown by the fact 
that ZAT12 and HsfA2, two transcription factors involved in oxidative stress 
(Davetlova et al., 2005; Rossel et al., 2007), are also induced by low O2 treatment. 
Recently, results confirmed that the oxidative burst is a common topic of 
heat and anoxia stress (Banti et al., 2008; Banti et al., 2010). Heat Stress Factor-
A2 is transcriptionally regulated by the two stresses and at the same time is the 
most responsive to H2O2 (Miller et al., 2006) and is up-regulated in different 
experiments related to ROS production in different plant cell compartments 
(Gadijev et al., 2006). Additionally, several Heat Shock Protein genes (HSGs) are 
commonly upregulated in Arabidopsis seedlings exposed to anoxia, heat and 
during the combination of the two treatment. This could be explained by the fact 
that some transcripts belonging to the HSP group are upregulated in both stresses, 
justifying the cross-tolerance between the two stresses and in particular explaining 
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the higher tolerance of 35S::HsfA2 plants to anoxia (Banti et al., 2010). 
Furthermore, a mild heat pre handling before hypoxic treatment increases 
tolerance to anoxia in Arabidopsis (Loreti et al., 2005), but not in the case of 
hsfA2 mutants (Banti et al., 2010). However, the heat-mediated cross tolerance 
described before is likely to be independent of low O2 metabolism, since the 
cross-tolerance has also been found in adh mutants (Banti et al., 2008). This is 
further confirmed by the fact that 35S::HSFA2 Arabidopsis line shows a 
constitutive higher expression of target HSGs but not of anaerobic genes (Banti et 
al., 2010). 
Recently a link between functional mitochondria and HSP production has 
been shown, given that Arabidopsis cell treatment with mithocondrial inhibitors 
and uncouplers during mild heat shock showing down-regulation of HSP 
production, necessary for thermotolerance (Rikhanov et al., 2007). 
Mitochondria, the major sink of cellular O2, might be equipped with an O2 
availability sensing mechanism, but how the hypoxic signal is produced in this 
organelle is still unclear (Pucciariello et al., 2012). Evidences from animals and 
plants show that O2 deprivation at complex IV might affect the redox state of the 
upstream e
-
 carriers and start redox signaling downstream events (Waypa et al., 
2010). As consequence, ROS over-production might reach the cytosol and act as 
signal (Hamanaka et al., 2009). 
Evidence of mitochondria-associated ROS production during O2 deprivation 
in Arabidopsis has also been demonstrated (Chang et al., 2012). A rapid and  
transient activation of mitogen-activated protein kinases (MPK) 3, 4 and 6 has 
been found to occur and to be activated by mitochondrial ROS during O2 
deprivation and also reoxygenation. In fact, plants treated with mitochondrial ETC 
Chapter 1 
 
24 
 
inhibitors showed MPKs activation together with ROS production in mitochondria 
(Chang et al., 2012). MPK cascades are in fact known to be regulated by several 
stresses that have an oxidative component (Nakagami et al., 2005). The 
overexpression of MPK6 leads to enhanced survival to O2 deprivation, but not 
significant modulation of classic transcripts related to the anaerobic metabolism, 
suggesting that plant survival is probably related to another pathway  (Chang et 
al., 2012). 
 
Fig. 9: Model of the signal transduction events under low oxygen (Pucciariello et al., 2012). 
 
 
1.5 Aim of the project 
 
A concert of events at molecular, physiological and morphological levels occurs 
in consequence of plant reduction of O2 availability. All of them contribute to 
tolerance on the basis of different length and severity of the stress. Some 
mechanism are likely conserved among plants species, some others are peculiar of 
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a particular plant or cultivar. Based on the description in the previous paragraphs, 
it is possible to assume that a major determinant in plant response to submergence 
is ethylene, which has been found to drive molecular re-programming through the 
control of gene expression under O2 deprivation, that end up in physiological and 
morphological modification of traits. Indeed, a direct mechanism of sensing O2 
has been found to play a predominant role toward basic metabolic adjustment 
occurring to generate ATP. However, other adaptive pathways seems to co-exists 
and probably act in concert. It is likely the specificity of the flooding regime that 
selects the most appropriate balance in such a network. The  knowledge of 
mechanisms involved in plant stress response and tolerance to flooding is of 
primary importance in order to counteract extreme events due to climate 
modification. Discover and isolate tolerant cultivars able to get over adverse 
conditions and to help the development of a sustainable agriculture is of great 
interest in the next future. For these reasons, my research was aimed to understand 
the physiological and molecular mechanisms behind some important adaptive 
traits of the economically important rice, that is able to withstand periods of 
partial or even complete submergence. Moreover, an additional goal was to 
identify and characterize genes involved in response to O2 deficiency, in order to 
understand the perception and signal transduction behind the stress. This part of 
the work was done on Arabidopsis, chosen as model for the plant molecular 
biology and thus having the availability of many molecular tools.  
For this purpose, in the first  (Chapter 2) and the second project (Chapter 3) 
two rice (Oryza sativa) cultivars, e. i. FR13A and Arborio Precoce, having 
opposite strategy to survive submergence, were compared in physiological and 
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molecular traits related to their specificity. While FR13A shows LOQS, Arborio 
Precoce shows LOES.  
In the first project, the sugar metabolism in stems of rice plants under water 
submergence was evaluated. In particular, the relation between the Sub1A and the 
CIPK15 pathways was investigated in adult plants. The results show that under O2 
deprivation, the CIPK15 pathway is repressed in the tolerant Sub1A-containing 
FR13A variety as expected, since the capacity of Sub1A to repress carbohydrate 
catabolism. On the other hand, CIPK15 is likely to play a role in the up regulation 
of Ramy3D in Arborio precoce variety, that displays fast elongation under 
flooding and do not possess Sub1A. 
In the second project (Chapter 3), aerenchyma development was analysed in 
FR13A and Arborio Precoce. Both the varieties displayed constitutive lysigenous 
aerenchyma formation, which was further enhanced when submerged. Arborio 
Precoce showed an active ethylene biosynthetic machinery associated with 
increased aerenchymatous areas. FR13A did not show any increase in ethylene 
production after submersion but still displayed increased aerenchyma. Hydrogen 
peroxide levels increased in FR13A but not in Arborio Precoce, meaning that 
ROS accumulation plays an important role during aerenchyma formation process 
in FR13A variety while in the fast elongating Arborio Precoce variety ethylene 
plays a pivotal role in this adaptive process. 
In the third project (Chapter 4), publicly available Arabidopsis thaliana 
microarray datasets related to ROS and O2 deprivation were used to define 
transcriptome convergence . Results show that, although response to anoxic and 
hypoxic treatments share a common core of genes related to the anaerobic 
metabolism, they differ in terms of ROS related gene response. It is proposed that 
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ROS production under O2 deprivation is a trait limited to a very early phase of 
anoxia, and that ROS are needed for the regulation of restricted set of genes 
belonging to the Heath Shock Protein group. This mechanism, likely not regulated 
via the N-end rule pathway for O2 sensing, is probably mediated by a NADPH-
oxidase and it is involved in plant tolerance to the stress. 
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regulation of -amylase production in flooded rice plants 
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INTRODUCTION 
 
The restriction of oxygen (O2) availability due to partial or complete water 
submergence inhibits the aerobic respiration of plants, thus leading to an energy 
deficit (Perata & Alpi, 1993). Flooding events can cause a severe reduction in growth 
and yield in economically important crop species, not adapted to a submerged 
environment (Perata & Voesenek, 2007).  In the context of crops, all cereals apart 
from rice are flooding intolerant.  
Rice (Oryza sativa L.) is characterized by a broad range of metabolic and 
morphological adaptations to flooding and can successfully germinate and grow even 
when O2 supply is limited (Alpi & Beevers, 1983; Perata & Alpi, 1993). Rice can 
also germinate in the absence of O2, thanks to the successful induction of the 
enzymes needed to degrade the starchy reserves present in the endosperm (Perata et 
al., 1992, 1996; Guglielminetti et al., 1995a). Of the enzymes required for starch 
degradation, α-amylases are required in order to initiate the degradation of starch 
granules (Dunn, 1974; Sun & Henson, 1991). In rice, α-amylases are encoded by a 
large multigene family (Huang et al., 1990), and while the gibberellin-induced 
Ramy1A-encoded isoform plays a major role during aerobic rice germination, the 
Ramy3D-encoded isoform is predominant during anaerobic germination (Loreti et 
al., 2003a; Lasanthi-Kudahettige et al., 2007). Ramy3D is not regulated by 
gibberellins, whose synthesis requires O2, but is induced by sugar-starvation that is a 
consequence of the fast anaerobic use of soluble sugars (Loreti et al., 2003a; Loreti 
et al., 2003b). Ramy3D is therefore  transcriptionally regulated by sugar signaling, 
through a Sugar Response Complex (SRC) situated on the promoter region and 
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activated by the MYBS1 transcription factor under sugar starvation (Lu et al., 1998; 
Yu, 1999). The protein kinase CIPK15 has been proposed as a key regulator of the 
sensing cascade for successful rice germination under flooding (Lee et al., 2009). 
CIPK15 seems to act through the positive regulation of the protein kinase SnRK1A 
and the MYBS1 to control the α-amylase abundance under O2 deprivation (Lu et al., 
2002, 2007; Lee et al., 2009).  It has been suggested that the CIPK15 effect goes 
beyond the seedling stage, thus playing a positive role in the growth of the mature 
rice plant under partial flooding (Lee et al., 2007). 
However, the survival of rice plants when submerged is believed to be largely 
dependent on the presence of the Sub1A ERF gene, which is limited to a subset of 
indica varieties (Xu et al., 2006). Submergence tolerance is in fact strongly 
correlated with the presence of the Sub1A-1 allele (Xu et al., 2006), which activates 
ethanolic fermentation and negatively regulates carbohydrate catabolism, including 
a-amylase dependent starch degradation (Fukao et al., 2006). The flooding induction 
of Sub1A results in a quiescence status that prevents rapid elongation of the 
submerged plants and depletion of carbohydrate reserves, thus enabling a fast 
recovery after de-submergence (Bailey-Serres & Voesenek, 2008).  
At present it is unknown whether the Sub1A and CIPK15 mediated pathways 
act as complementary processes for rice survival under O2 deprivation. Sub1A is 
unlikely to play a role during anoxic germination (Magneschi & Perata 2009) and the 
CIPK15 pathway appears to be essential to this growth stage. In adult plants Sub1A 
and CIPK15 may perhaps play an antagonistic role in terms of carbohydrate 
consumption, with Sub1A acting as a starch degradation repressor and CIPK15 as an 
activator. 
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In this study, we analysed the sugar metabolism in the internodes of rice plants 
under water submergence by selecting cultivars with different traits associated with 
flooding survival. The relation between the Sub1A and the CIPK15 pathways was 
investigated. The results showed that under O2 deprivation the CIPK15 pathway is 
repressed in the tolerant, Sub1A-containing, FR13A variety. On the other hand 
CIPK15 is likely to play a role in the up-regulation of Ramy3D in flooding intolerant 
rice varieties that display fast elongation under flooding and do not possess Sub1A.  
 
 
MATERIALS AND METHODS 
 
Plant material and submergence treatment 
Seeds of O. sativa varieties FR13A, IR22, Nipponbare, Lamone and Arborio Precoce 
(AP) were obtained from our institute's farm. Seeds were soaked on sterile water 
wetted filter paper in Petri dishes, at a temperature of 28 ± 2 °C and dark conditions, 
for 3-4 days. Pre-germinated healthy seedlings were then transferred to plastic pots 
filled with soil and peat (1:1) and kept in growth chambers for 14 days, at a 
temperature of 26 ± 2 
°
C in a photoperiod of 15 hours of light. Fourteen day-old 
seedlings (3-4 leaves stage) of all the five varieties were submitted to complete 
submergence in distilled water as described in the legend  to Fig. 1. 
In the experiments specifically on the FR13A and AP varieties, the seedlings 
were germinated as described above and grown in a sand medium using the 
following complete nutrient solution: (CaNO3)2 (4,5 mM), KNO3 (4,5 mM), MgSO4 
(0,8 mM), KH2PO4 (2,6 mM), KNO3 (9 mM) and K2SO4 (0,2 mM). Seven days old 
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seedlings (two leaves stage) were submitted to complete submergence as described in 
the legends to Fig. 3.  
For the experiment with the external sugar source, de-hulled AP and FR13A 
seeds were sterilized using 70% ethanol for 1 minute, followed by 6% sodium 
hypochlorite for 15-20 minutes. Seeds of each variety were then placed on a half-
strength Murashige and Skoog medium, containing 0,8% agar, in 5 L glass bottles, at 
a temperature of 26 ± 2 
°
C and a photoperiod of 15 hours of light . Seven-day old 
seedlings (2 leaves stage) were subjected to complete submergence, using 50 mM 
sucrose or 50 mM mannitol solution for 14 days, followed by 7 days of recovery 
after de-submergence. 
 
Screening for Sub1A gene presence 
Genomic DNA of FR13A and AP was prepared using GenElute
TM
 Plant Genomic 
DNA Miniprep Kit (Sigma-Aldrich), following the manufacturer's protocol. The 
PCR reaction mixture was prepared in 20 ul total volume using Red Taq Master mix 
(Invitrogen), 0.25 uM primers and 100 ng genomic DNA. PCR was performed using 
Sub1A genomic specific primers in accordance with Xu et al. (2006) (supplementary 
Table S1). 
 
RNA extraction, cDNA synthesis and Real-Time reverse transcription PCR 
Total RNA was extracted, subjected to DNase treatment and reverse-transcribed to 
produce cDNA, as previously described (Lasanthi-Kudahettige et al., 2007). 
Transcript abundance was analyzed by Real-Time reverse transcription PCR, using 
TaqMan probes (supplementary Table S2) and qPCR MasterMix Plus for SYBR® 
green I (Eurogentec) with specifically designed primers (supplementary Table S3). 
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The relative expression level of each gene was quantified as previously described 
(Lasanthi-Kudahettige et al., 2007), using glyceraldehyde-3-phosphate 
dehydrogenase (Os08g03290) as an internal reference.  
 
Semi-Quantitative RT-PCR analysis 
One microgram of RNA, treated as previously indicated, was reverse-transcribed 
using SuperScript ® III Reverse Transcriptase (Invitrogen), according to the 
manufacturer’s protocol. RT-PCR was performed using GoTaq® Green Master mix 
(Promega) in a reaction mixture of 50 µL, containing 0.2 µM forward and reverse 
primers and 100 ng of cDNA template. The sequence and conditions of RAmy 3C, 
3D, 3E and actin1 (used as control) were as described by Fukao et al. (2006), RAmy 
1A was designed as described by Hwang et al. (1999) (supplementary Table S4). The 
resulting PCR products were visualized with ethidium bromide staining on 2% 
agarose gel after electrophoresis. 
 
Assays of α-amylase activity 
α-Amylase activity was determined using the amylopectin azure method, as 
previously described in Magneschi et al. (2008). Total protein content was measured 
using the Biorad Protein Assay based on the Bradford (1976) method. 
 
Extraction and determination of soluble sugars and starch  
Samples (0.05–0.3 g of fresh weight) were extracted as described by Tobias et al. 
(1992). The analyses of sucrose, fructose, glucose and starch were carried out as 
previously described (Guglielminetti et al., 1995b).  
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RESULTS 
 
Screening of rice cultivars with different sensitivities to complete submergence 
stress 
We analysed the flooding response of five rice varieties (FR13A, IR22, Lamone, 
Nipponbare and AP) known to posses different abilities to survive flooding or to 
elongate when submerged (Gibbs et al., 2000; Xu et al., 2006; Magneschi et al., 
2008). AP displayed an unhealthy appearance after 14 days of complete 
submergence, and plants collapsed when de-submerged. IR22, Lamone and 
Nipponbare did not survive beyond 10 days of submergence . Only FR13A, a Sub1A 
harboring variety (Xu et al., 2006), survived over 14 days of submergence (Fig. 1A). 
When submerged, AP showed the highest elongation rates, whereas FR13A 
displayed the lowest (Fig. 1B). Even though IR22 displayed a limited shoot 
elongation under flooding, comparable to FR13A, it did not survive flooding, thus 
suggesting that reduced shoot elongation does not necessarily lead to submergence 
tolerance. According to Gibbs et al. (2000), IR22 possesses an insufficient glycolysis 
substrate supply to survive anoxia. 
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Fig. 1. Growth behavior of rice varieties under complete submergence stress. Fourteen 
days old rice seedlings were grown in pot filled with soil and peat (1:1) 
(approximately 10 cm deep) and flooded with water, 1 m  high above the soil surface. 
Rice plants were grown in the growth chamber for 17 days after flooding, at a 
temperature of 26 ± 2 
°
C in a photoperiod of 15 hours of light. A: Plant phenotype of 
the rice varieties under air and after 14 days of complete submergence. B: Shoot 
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elongation of the rice varieties under complete submergence (empty circles) and after 
1 and 3 days of recovery after de-submergence (filled circles R1 and R3). Internode 
elongation and leaf elongation were taken from the base of the plant to the upper most 
active internode and from there to the edge of the longest leaf, respectively. Data are 
expressed as the mean of 30 measurements ± SD. 
 
 
The expression of fermentation-related genes was analyzed. FR13A displayed 
the highest relative expression levels of ADH2 and PDC1, reaching the maximum 
values after 3 days of flooding. All the other varieties failed to accumulate these 
transcripts during submergence (Fig. 2). Lamone and AP, but not FR13A, displayed 
ADH1 transcript accumulation (Fig. 2). AP showed the highest SUS1 expression 
level after 3 days of complete submergence, followed by Lamone and Nipponbare 
after 7 days of flooding (Fig. 2). The expression of SUS1 was negligible in FR13A 
and IR22 (Fig. 2). 
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Fig. 2. Gene expression pattern of transcripts involved in fermentation and 
carbohydrate catabolism in the rice variety internodes under complete submergence 
stress (empty circles) and after 1 day of recovery after de-submergence (filled circles 
R1). The expression level was measured on the basis that Nipponbare control air = 1. 
Data are the mean of 3 replicates ± SD. 
 
AP and FR13A displayed opposite responses to submergence, in terms of 
survival, elongation rates, and gene expression. These two varieties were therefore 
chosen for a further analysis. Submergence for 5 days revealed that differences in 
shoot elongation were already visible after 3 days (Fig. 3A). The expression of 
Sub1A-1 increased rapidly in submerged FR13A seedlings but was not expressed in 
AP (Fig. 3B). PCR analysis on genomic DNA indicated that this gene is absent in AP 
(data not shown). In agreement with the known effects of Sub1A-1 (Fukao et al., 
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2006, Xu et al., 2006), FR13A showed significantly higher PDC1 and ADH2 mRNA 
accumulation than AP, while the ADH1 transcript accumulated in both the varieties 
under submergence (Fig. 3B).  
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Fig. 3. FR13A and AP under complete submergence stress. Seven days old rice seedlings 
were grown in pot filled with sand (approximately 5 cm deep) and flooded with water, 1 m  
high above the soil surface. Rice plants were grown in the growth chamber for 5 days after 
flooding, at a temperature of 26 ± 2 
°
C in a photoperiod of 15 hours of light. A: Shoot 
elongation of the rice varieties under complete submergence. Internode elongation and leaf 
elongation were taken from the base of the plant to the upper most active internode and from 
there to the edge of the longest leaf, respectively. Data are the mean of 30 measurements ± 
SD. B: FR13A and AP internode gene expression patterns of Sub1A transcript and genes 
involved in fermentation under air and complete submergence stress. The expression level 
was measured based on AP control air at day 0 = 1. Data are the mean of 3 replicates ± SD 
 
 
 
 Surviving complete submergence requires the availability of carbohydrates 
Carbohydrate availability might affect rice ability to survive submergence. To verify 
this possibility we submerged FR13A and AP for 14 days using either  mannitol 
(osmotic control) or sucrose. Recovery of plants was tested 7 days after de-
submergence. AP that had been submerged in a mannitol solution showed a high rate 
of shoot elongation, chlorotic leaves and high mortality (more than 75% of 
seedlings). Of the AP seedlings, 20% displayed a stunted growth with a low 
probability of producing healthy plants after recovery, and only 5% of the seedlings 
survived (Fig. 4). FR13A seedlings, on the other hand, were able to survive when 
submerged with mannitol (100% seedling survival; Fig. 4). 
 When seedlings were submerged in a sucrose solution both FR13A and AP 
seedlings displayed less chlorosis, higher stem rigidness and reduced leaf death. 
Interestingly, AP also showed 100% survival when submerged in sucrose (Fig. 4), 
and managed to resume normal growth after de-submergence. No differences in 
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elongation due to the carbohydrate treatment were noticed for AP (stem length: 22.6 
± 2.34 cm and 21.27 ± 2.30 cm, n = 20, for sucrose and mannitol, respectively). 
FR13A displayed 100% survival in both sucrose and mannitol, but showed a 
significant difference in elongation between the two treatments (stem length: 12.48 ± 
1.28 cm and 6.90 ± 0.38 cm, n = 20, for sucrose and mannitol, respectively).  
 
Fig. 4. FR13A and AP after 14 days of complete submergence followed by 7 days 
of recovery, by providing an external sugar source. Seedlings were grown in in-
vitro conditions and subjected to complete submersion in 50 mM sucrose and 50 
mM mannitol (osmotic control). The pie charts indicate the viability of the plants 
after 7 days of recovery.  
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Carbohydrate metabolism in submerged rice plants 
The metabolism of carbohydrates is strongly affected by the presence or absence of 
the Sub1A gene (Fukao et al., 2006). AP showed a constitutively higher amount of 
total soluble sugars (TTS) when compared with FR13A. When submerged however, 
the level of TTS dropped significantly in AP alone (Fig. 5A). Starch content was 
unaltered in submerged FR13A while a slight reduction was observed in AP (Fig. 
5A). In this context, α-amylase activity increased notably in AP during submergence 
(Fig. 5A). 
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Fig. 5. Sugar availability in FR13A and AP internodes. A: Total soluble sugars and starch 
content in internodes of the rice varieties under air and after 2 days of submergence stress. Data 
are the means of 3 replicates ± SD. B: α- amylase activity in internodes of the rice varieties 
under air and after 2 days of submergence stress. Data are the means of 3 replicates ± SD. 
Different letters indicate significant differences between treatments (0.05 significance level) 
based on a LSD multiple pairwise comparison test. 
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In rice, α-amylases are encoded by a multigene family (Huang et al., 1990). 
We investigated the expression pattern of α-amylase genes in rice internodes from 
aerobic or submerged plants. The expression of the RAmy1A gene was unaffected by 
submergence (data not shown), while an altered pattern of genes belonging to the 
RAmy3 sub-family was observed. The expression of RAmy3B was undetectable in 
FR13A, while its low mRNA level already present in AP under air was slightly 
induced in the submerged AP at 6.00 PM (Fig. 6). RAmy3C was always expressed in 
the aerobic samples, but its expression declined under submergence, with the 
exception of AP (6.00 PM sampling time; Fig. 6). RAmy3D displayed a clear 
submergence-dependent expression (Fig. 6) in both AP and FR13A although its 
induction was higher in FR13A. RAmy3E expression was slightly induced in 
submerged AP, whereas FR13A did not show any increase in RAmy3E mRNA level 
(Fig. 6). 
 
Fig. 6. Differential expression of AP and FR13A rice internode α-amylase genes under 
complete submergence stress analyzed by RT-PCR at 8 a.m. and 6 p.m. of air and after 2 
days of complete submergence. Actin1 was used as the internal control. Data are from a 
representative experiment. 
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RAmy3D is regulated by a complex, sugar-starvation dependent pathway (Lu et 
al., 2002, 2007; Lee et al., 2009). We therefore analysed the consequences of a 
starvation-inducing treatment (submergence in mannitol), compared with 
submergence in a sucrose solution that prevents the submerged seedlings from 
starving. Sub1A expression in submerged FR13A was high in mannitol-submerged 
plants, however its induction was abolished in the sucrose-submerged plants (Fig. 7). 
The Sub1A gene is absent in AP. ADH2 was induced by submergence in both 
varieties, although the response was higher in FR14A, however sucrose reduced its 
induction (Fig. 7). Notably, while submergence in mannitol elicited a marked 
induction of the genes involved in the starvation-dependent RAmy3D pathway 
(CIPK15, MYBS1) in AP, this was not observed in FR13A (Fig. 7). Our analysis of 
genomic DNA indicated that CIPK15 and MYBS1 is present in FR13A (data not 
shown). SnRK1A expression was only slightly induced by submergence, both in 
mannitol and sucrose, in AP but not in FR13A (Fig. 7). Submergence in sucrose 
prevented or strongly reduced the induction of the CIPK15 - MYBS1 - RAmy3D 
signaling cascade in AP.  
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Fig. 7. Analysis of transcript levels of Sub1A, ADH2, CIPK15, SNRK1, MYBS1 and 
RAmy3D genes in the internodes of both FR13A and AP in air and after 3 days of 
submergence, providing sucrose 50 mM and mannitol 50 mM. The expression level was 
measured based on AP control air at day 0 = 1. Data are the mean of 3 replicates ± SD. 
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DISCUSSION 
 
The molecular mechanisms allowing rice to germinate, grow and survive when 
submerged have remained elusive until recently, when the discovery of the Sub1A, 
SNORKEL1/SNORKEL2 and CIPK15 genes (Xu et al., 2006; Hattori et al., 2009; 
Lee et al., 2009) highlighted the molecular physiology of submerged rice. Different 
rice groups activate distinct mechanisms to survive flooding. The indica group of 
rice varieties comprises several cultivated lowland rice varieties that overcome 
submergence stress by minimal shoot elongation and a drastic reduction in most 
metabolic activities, thus activating a “quiescence” strategy. Sub1A-1 has been 
identified as the key determinant of submergence tolerance based on the 
“quiescence” strategy. This is achieved by controlling the accumulation of transcripts 
involved in ethanolic fermentation and the repression of genes associated with the 
carbohydrate catabolism (for a review see Perata & Voesenek, 2007). Rice plants 
belonging to japonica groups do not possess the Sub1A-1 and fail to survive 
prolonged submergence. Deepwater rice varieties, on the other hand, are 
characterized by a tolerance strategy based on the rapid internode elongation 
promoted via GA during flooding (“escape” strategy, Voesenek & Bailey-Serres, 
2009) regulated by the two ERFs genes SNORKEL1 and SNORKEL2 (Hattori et al., 
2009).  
Rice seed germination and early seedling growth under hypoxia rely instead on 
the ability to induce a-amylase under low oxygen conditions, thus allowing starch 
degradation and sugar availability in submerged seedlings (Perata et al., 1993). The 
CIPK15-dependent pathway was recently indentified as a key regulator of α-amylase 
abundance under limited O2 (Lee et al. 2009). 
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It is largely unknown whether the Sub1A-1 and CIPK15-based tolerance 
mechanisms can co-exist. This would be illogical, since Sub1A-1 actually represses 
amylase activity, while CIPK15 activates the flooding-dependent Ramy3D a-amylase 
gene.  
We analysed the responses of two rice varieties that differed in their ability to 
survive submergence because of the presence or absence of the Sub1A gene. FR13A 
is a submergence-tolerant variety displaying the typical Sub1A response (limited 
elongation when submerged). AP on the other hand, was selected because of its fast-
elongating phenotype under submergence in the absence of Sub1A (Fig. 1A and B).  
When submerged, FR13A showed the highest accumulation of ADH2 and 
PDC1 transcripts (Fig. 2). Both ADH and PDC play an important role in a plant's 
adaptation to low O2 conditions (Agarwal et al. 2007). The high ADH1 expression 
values observed in Lamone on the other hand, did not correlate with survival.   
Long term submersion may cause extensive carbohydrate consumption leading 
to energy starvation (Jackson & Ram, 2003). The amount of carbohydrate reserves 
has been positively correlated with the level of submergence tolerance (Greenway & 
Gibbs, 2003; Jackson & Ram, 2003; Das et al., 2005). Although AP showed a higher 
abundance of soluble sugars when compared to FR13A (Fig. 5A), a significant 
reduction in TSS together with a reduction in starch content was observed after 
submergence in AP only. A drop in starch and carbohydrate content was observed by 
Fukao et al. (2006) in the leaves of the intolerant line M202 when compared to the 
tolerant M202(Sub1A). The reduced α-amylase and sucrose synthase mRNA 
accumulation suggests that the preservation of carbohydrate content in Sub1A-
containing varieties is related to the lower activity of starch and sucrose degrading 
enzymes (Fukao et al., 2006).  
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We showed that tolerance to submergence was greatly enhanced by exogenous 
sucrose even in a submergence-intolerant variety such as AP (Fig. 4). Sucrose 
improved the elongation of FR13A, bypassing the suppressive role played by the 
presence of the Sub1A gene. Interestingly, while FR13A displayed a clear induction 
of both Sub1A and ADH2 when submerged in mannitol, a reduction of these mRNAs 
was observed when a sucrose solution was used to submerge the seedlings (Fig. 7). 
These results suggest that there might be an interaction between the Sub1A–
dependent pathway and sugar signalling.  
Sub1A-1 downregulates α-amylases (Fukao et al., 2006) and it is also known 
that the regulation of the major anaerobic amylase (RAmy3D) is independent of 
hormonal control (Mitsui & Itoh, 1997) but relies on a starvation-sensing mechanism 
(Loreti et al., 2003a). We showed that in FR13A, Ramy3D is repressed by a 
mechanism that acts  upstream of CIPK15 and MYBS1, which are both positive 
regulators of RAmy3D (Lee et al., 2009). In the case of SnRK1A expression, a 
component upstream of MYBS1, we did not observe any differences between the 
treatments (Fig. 7). This was expected, since the regulation of SnRK1A is at a post-
transcriptional level (Lu et al., 2007). The MYBS1 transcription factor is known to 
mediate the sugar regulation of the α-amylase gene expression (Lu et al., 2002). It 
has a high transactivation ability to activate TATCCA containing a cis-element, 
present in the RAmy3D promoter in two tandem repeats (Lu et al., 1998). Although it 
would be logical to speculate on the absence of a starvation signal in FR13A which, 
thanks to Sub1A, retains an adequate level of carbohydrates and prevents the 
activation of the CIPK15/MYBS/Ramy3D cascade, this hypothesis is not entirely 
satisfactory. In AP, in fact, CIPK15, SnRK1A, MYBS1, and RAmy3D are expressed, 
though at very low levels, even in the sucrose-submerged seedlings (Fig. 7).  
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We conclude that sucrose availability modulates the expression of Sub1A and 
of its downstream gene ADH2, also leading to a high elongation rate of FR13A 
plants when submergence is not associated with sugar starvation. In addition, 
RAmy3D is upregulated by starvation in AP but not in FR13A, suggesting a cross-
talk between the Sub1A and the CIPK15 pathways. Further work is required to 
understand how sugar sensing and signalling interferes with Sub1A-1, and the 
possible negative interplay between the Sub1A-1 and CIPK15 pathways. 
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Fig. 8. Proposed model for Sub1A and CIPK15 pathway cross-talk in the response to submergence of 
established plants. Submergence promotes ethylene production and accumulation within the plant 
resulting in activation of the Sub1A and Sub1C genes (Fukao et al. 2006). Sub1A limits ethylene 
accumulation through a feedback mechanism and represses Sub1C transcript accumulation. Sub1C 
controls the Ramy3D gene (Fukao et al.2006), likely through induction of the CIPK15 pathway, 
described as a Ramy3D regulator in rice seedlings under flooding (Lee et al. 2009). The presence of 
the Sub1A gene leads to repression of the Sub1C–CIPK15– 
Ramy3D pathway, resulting in limited growth under submergence. When sugar is available in excess, 
it represses the Sub1A gene, activating growth, even under submergence. In the absence of Sub1A, 
plant growth 
can lead to subsequent starvation, which further promotes the CIPK15 pathway to activate Ramy3D 
and promote starch degradation. 
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APPENDIX: 
 
 
   Table S1. Sequences of primers used for Sub1A  (AAAA02037639.1) gene 
presence screening.  
 
 
Name Forward primer Reverse primer 
Tm 
(°C) 
Cycles 
(n) 
Product 
size 
(bp) 
Sub1A-
1P1 
5’-
GATGTGTGGAGGAGAAGTGA-
3’ 
5’-GGTAGATGCCGAGAAGTGTA-
3’ 
60 30 1015 
Sub1A-
P3 
5’-CTCGGCACCTTCGACACC-3’ 
5’-
AAGACGAACGGTGAACCATG-3’ 
56 33 685 
 
Reference: Xu et al., 2006 
 
 
Table S2. Sequences of primers and TaqMan probes used for quantitative (real-
time) PCR analysis.  
 
 
 
Gene Forward primer Reverse primer 
G3PDH 
LOC_Os08g03290 
5’-AGAATAAAACGTGGACGGTGTTCA-3’ 
5’-TGCAACTCATTATCCCAACTAGCATT-
3’ 
ADH1 
LOC_Os11g10480 
5’-GCAAATTTCTGGCTTTGTCAATCAGTA-
3’ 
5’-
CGCCAAAAGATCACTGATTCTTAACAA-
3’ 
ADH2 
LOC_Os11g10510 
5’-CCCTCCTTTCATGGCTTGATCTT-3’ 
5’-AGGGTAAAACTGGTGAAAATCTGCTA-
3’ 
PDC1 
LOC_Os05g39310 
5’-
ATCCTATGATAATGTATGTAATTCAAATG-
3’ 
5’-CTCTTCTCCTTCAAATCGTCCATGT-3’ 
SUS1 
LOC_Os06g09450 
5’-GTTGGTTCAAAGCCATGGATGA-3’ 
5’-GGGCCTACTATCACAACTCTTAAAGG-
3’ 
RAmy3D 
LOC_Os08g36910 
5’-GACTACAGCGTCTGGGAGAAG-3’ 5’-TGTAGAAACTGGTTTGAGCATGACT-3’ 
Gene TaqMan probe 
G3PDH 
LOC_Os08g03290 
5’-TCAGGACCCACCCCCTCT-3’ 
ADH1 
LOC_Os11g10480 
5’-TTTGCAGCTACAGACACTG-3’ 
ADH2 
LOC_Os11g10510 
5’-CAATGCTGACAATAAAC-3’ 
PDC1 
LOC_Os05g39310 
5’-TCGCAATATAGTGTAGGTTTA-3’ 
SUS1 
LOC_Os06g09450 
5’-AAAGAACAAGGTAACAAAAAT-3’ 
RAmy3D 
LOC_Os08g36910 
5’-CTCAAGCCCTAAACTGAACG-3’ 
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Table S3. Sequences of SYBR green primers used for quantitative (real-time) PCR 
analysis. 
 
 
  References : Lee et al., 2009; Lu et al., 2007. 
 
 
 
 
Table S4. Sequences of primers used for semi-quantitative RT-PCR analysis. 
 
 
References: Fukao et al., 2006; Hwang et al., 1999 
 
 
 
 
 
 
 
Gene Forward primer Reverse primer 
Sub1A 
AAAA02037639.1 
5’-ACAACGGCCTCATCACAATC-3’ 5’-CAGGCTTCCCTGCATATGAT-3’ 
CIPK15 
LOC_Os11g02240 
5’-TAAGCCTTCAAAATTCTTCG-3’ 5’-TATAAACAAAACCAGGCATC-3’ 
SnRK1A 
LOC_Os05g45420 
5’-TTATGCCGTTGTCTGCTTC-3’ 5’-CCTCTAACGTCTACACACTCCAG-3’ 
MYBS1 
LOC_Os01g34060 
5’-ATGGACGGACATGAGC-3’ 5’-GCTTTCACCGGGTGTA-3’ 
Gene Forward primer Reverse primer 
Ramy1A 
LOC_Os02g52710 
 
5’-AGCGCACGATGACGAGAC-3’ 5’-CAGTGCAAATTTTATTGCATAGC-3’ 
Ramy3B 
LOC_Os09g28420 
5’-TGGTGCCTGGAATAAGATTTG-
3’ 
5’-CCCAGGCAGGTAGAATACATAGA-3’ 
Ramy3C 
LOC_Os09g0457800 
5’-ACCCTGCATTTTCTACGACC-3’ 5’-GTCCTGAAAGAAATATTTGGC-3’ 
Ramy3D 
LOC_Os08g36910 
5’-TCCCCTGCATCTTCTACGAC-3’ 5’-TACTGCATCCTGAACCTGAC-3’ 
Ramy3E 
LOC_Os08g36900 
5’-TCCCATGCATCTTCTACGAC-3’ 5’-ACGAAGCGTACATCGATCG-3’ 
Actin1 
LOC_Os03g50885 
5’-ACAGGTATTGTGTTGGACTC-3’ 5’-GCTTAGCATTCTTGGGTCC-3’ 
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INTRODUCTION 
 
Flooding events of various depths and durations are the principal environmental 
cause of a shortage of oxygen (O2) in plants. Rice is one of the few crops able to 
withstand periods of partial or even complete submergence (Colmer and Voesenek, 
2009; Licausi and Perata, 2009; Nagai et al., 2010). One of the adaptive traits of rice 
is the constitutive presence of aerenchyma which enables O2 to be transported to the 
submerged organs.  (Armstrong, 1971; Kawase and Whitmoyer, 1980). Although  
this tissue is present  even in well drained conditions, it develops further when the 
soil becomes waterlogged (Armstrong, 1971, Pradhan et al., 1973; Das and Jat, 
1977). In rice aerenchymatous areas are formed by cell lysis and seem to be 
coordinated by a programmed cell death (PCD) mechanism (Kawai et al., 1998). In 
mature leaf sheaths of rice, lysigenous aerenchyma is linked to stomata, allowing 
gases to flow from leaves to the basal part of the plants (Matsukura et al., 2000). It is 
interrupted by septa composed of stellate cells that have large intercellular spaces 
and which thus allow the passage of O2 (Hoshikawa, 1989).  
The mechanisms responsible for aerenchyma formation have not yet been fully 
elucidated (Shiono et al., 2008), however it is known that this process involves 
ethylene, which accumulates in submerged organs (Kavase, 1972, 1978; Könings and 
Jackson, 1979; Justin and Armstrong, 1991; He et al., 1996; Zhou et al., 2002; 
Geisler-Lee et al., 2010; Lenochova et al., 2009). In hypoxic roots of maize, 
exogenous ethylene applications induce the aerenchymatous areas and ethylene 
inhibitors repress their formation (Drew et al., 1981; Jackson et al., 1985; Könings, 
1982). In addition, both ACC synthase activity and ACC concentrations are high in 
hypoxic maize roots (Atwell et al., 1988; He et al., 1994; Geisler-Lee et al., 2010).  
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Aerenchyma formation, however, does not always require ethylene, as is 
described for lysigenous aerenchyma formation in the root of the wetland plant 
Juncus effusus (Visser and Bögemann, 2006).  
Although the formation of maize root aerenchyma under waterlogging and 
hypoxia is stimulated by enhanced ethylene biosynthesis and increased endogenous 
ethylene concentration (Drew et al., 1981; Könings, 1982; Jackson et al., 1985; 
Atwell et al., 1988; He et al., 1994; Geisler-Lee et al., 2010), this is not the case 
when aerenchyma formation is induced by nutrient-starvation (Drew et al., 1989; He 
et al., 1992). While temporary deprivation of N or P greatly enhances the sensitivity 
of ethylene-responsive cells of the maize root cortexin leading to cell lysis and 
aerenchyma formation (He et al., 1992, 1994), sulphate deprivation show altered 
levels of reactive oxygen species (ROS) in the aerenchymatous areas (Bouranis et 
al., 2003, 2006), suggesting a role for ROS in inducing aerenchyma formation.  
In rice, early studies reported that aerenchyma formation in adventitious roots 
was not controlled by ethylene (Jackson et al., 1985). Ethylene was later shown to 
have a role in promoting aerenchyma, but differences were found in cultivar 
responses (Justin and Armstrong, 1991). Recently, a study by Steffens et al. (2010) 
on aerenchyma formation in rice stems in response to ethylene and hydrogen 
peroxide (H2O2) showed that both compounds promote its formation in a dose-
dependent manner. The production of lysigenous aerenchyma in Arabidopsis 
thaliana under hypoxia requires both ethylene and H2O2 signaling (Mühlenbock et 
al., 2007). ROS have been proposed to be central component of a plant’s adaptation 
to both biotic and abiotic stresses, by exacerbating oxidative damage and by acting as 
signal molecules in protective responses (Mittler et al., 2004). ROS signaling is 
involved in the metabolic adaptation to low oxygen (Baxter-Burrel et al., 2002) and 
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also acts as a trigger for the induction of HsfA2 transcription factors, thus conferring 
anoxia tolerance (Banti et al., 2010).  
The ability to grow when submerged is another trait which may help to allow 
the efficient transport of air to the submerged organs. The formation of aerenchyma 
is crucial for submerged organs, but if the growth of the plant is unable to compete 
with rises in water levels, the plant inexorably dies. In rice, the type of growth 
response to submergence strongly depends on the genotype. Rice varieties containing 
the Sub1A gene adopt a quiescence strategy with growth restriction, while other 
varieties grow very rapidly, to attempt to maintain at least the leaf tips above the 
water level (Bailey-Serres and Voesenek, 2008; Colmer and Voesenek, 2009; Nagai 
et al., 2010; Bailey-Serres et al., 2010). Extraordinary internode elongation induced 
under deep water via gibberellin (GA) is observed in deepwater rice varieties, and is 
triggered by the ethylene responsive factors SNORKEL (SK) 1 and 2 (Hattori et al., 
2009) 
Sub1A is an ethylene responsive factor that is induced by ethylene signaling 
under submergence (Xu et al., 2006; Fukao et al., 2006). Sub1A represses further 
ethylene synthesis (Bailey-Serres and Voesenek, 2010), and may hamper 
aerenchyma formation in Sub1A varieties. Sub1A varieties do not grow in response to 
submergence. This would not make aerenchyma important in deep flooding to have 
access to oxygen above the water level, but rather to rely on  O2, produced and stored 
during photosynthesis in the underwater organs, or retained by the leaf surface gas 
film (Colmer and Pedersen, 2008; Pedersen et al., 2009) . However under shallow 
submergence, it is unclear how to reconcile the Sub1A-dependent inhibition of 
ethylene synthesis with the formation of aerenchyma. 
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In this paper we examined aerenchyma formation in FR13A, a Sub1A variety, 
and in Arborio Precoce (AP), a non-Sub1A variety displaying fast shoot elongation 
when submerged. Our results showed the presence of constitutive aerenchyma in 
both AP and FR13A varieties, which further increased under submergence. 
Submergence-induced ethylene synthesis was observed in AP only, FR13A did not 
show any increase in ethylene production. Our results suggest that aerenchyma 
formation in FR13A is independent of ethylene signalling, and ROS appear to be 
important to regulate aerenchyma formation in this Sub1A variety. 
 
MATERIALS AND METHODS 
 
Plant material and submergence treatment 
FR13A and AP seeds were water-soaked in Petri dishes for three days, (28 ± 2 °C, 
dark conditions). Germinated seedlings were grown in 50 ml plastic pots filled with 
sand and transferred to a growth chamber for 7 d (26 ± 2 
°
C, 15 hours light 
photoperiod; PAR ~50 µmol m
-2
 s
-2
 provided by white fluorescence lamps). The 
following complete nutrient solution was used: Ca(NO3)2 
.
 4H2O (4.5 mM), MgSO4 
(0.8 mM), KH2PO4 (2.6 mM), KNO3 (9 mM) and K2SO4 (0.2 mM). Submergence 
treatments were carried out for up to 21 d, as detailed in Fig. 1 (26 ± 2 
°
C, 15 hours 
light photoperiod; PAR ~50 µmol m
-2
 s
-2
). 
Fresh leaf sheath samples were harvested after 2 and 3 d of complete 
submergence in order to observe sampling and microscopic events following the 
treatment. For each time-point, three biological repetitions, each consisting of a 
composite sample from three different plant leaf sheaths, were immediately 
processed or stored at -80 °C for further molecular and biochemical analysis. 
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Aerenchyma observation and quantification 
plants that had been flooded for three days as well as from control plants using a 
vibratory microtome (Vibratome 1000 Plus by Vibratome). Sections were observed 
for aerenchyma formation and photographed with a Nikon Eclipse Ti-S Microscope 
(Nikon). The percentage of aerenchyma was determined using the Imag-pro Plus 
version 6.2 (Media Cybernetics) and was calculated on total tissue cross-sectional 
area.  
 
Viability staining 
The cell viability of rice leaf sheath sections was determined by staining with 
fluorescein diacetate (FDA, 2 µg ml
-1
 in phosphate buffer saline, Sigma) for 15 min 
followed by FM
©
4-64 (20 µM in phosphate buffer saline, Sigma) for 3 min (Fath et 
al., 2001). The sections were examined using a Nikon Eclipse Ti-S Microscope 
equipped with EGFP (λex 450-490, dichroic 495, λem 500-550 nm) and TRITC (λex 
505-565, dichroic 550, λem 580-630 nm) filter blocks for FDA (λex 488, λem 502–
540 nm) and FM
©
4-64 (λex 515, λem 625 nm) signals, respectively. Images were 
captured by a QICAM digital CCD camera (QImaging). 
In situ detection of DNA fragmentation (TUNEL assay) 
FR13A and AP leaf sheath from 3 d flooded and control plants were fixed in 4 % 
(w/v) paraformaldehyde in a phosphate buffer saline (pH 7.4). After dehydration 
through an ethanol series, samples were embedded in Paraplast Plus (Paraplast, 
Sherwood Medical Industries). Sections (10 µm) were cut and stretched onto poly-
lysine coated slides. The sections were then dewaxed in xylene and rehydrated before 
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examination. A TUNEL assay was performed using the ‘In situ cell death detection 
kit’ (Promega), according to the manufacturer’s instructions. To facilitate the 
introduction of the TdT enzyme into the tissue sections, the slides were treated with 
proteinase K (20 mg ml
-1
) for 20 min. The labelling reaction was performed at 37 °C 
in a humidified chamber in the dark for 1 h. A negative control was included in each 
experiment by omitting TdT from the reaction mixture. As a positive control, 
permeabilized sections were incubated with DNase I (10 U ml
-1
) for 10 min before 
the TUNEL assay. The yellow-green fluorescence of incorporated fluorescein-12-
dUTP was examined using the microscopical equipment previously described, using 
filter blocks for EGFP (λex 450-490, dichroic 495, λem 500-550 nm). Experiments 
were repeated three times and each time, five slides were labelled for both the control 
and treated plants. A counter stain was done with DAPI (1 mg ml
-1
). 
 
Ethylene experiments 
Ethylene production was measured by enclosing samples in airtight glass containers 
(30 mL). Each sample consisted of three rice leaf sheaths picked from separate plants 
submerged for 3 d before performing ethylene measurements. Gas samples (2 mL 
each) were taken from the headspace of the containers with a hypodermic syringe 
after 1 h incubation at room temperature. The ethylene concentration in the sample 
was measured by gas chromatography (HP5890, Hewlett-Packard, Menlo Park, CA) 
using a flame ionization detector (FID), a stainless steel column (150 x 0,4 cm ø 
packed with Hysep T), column and detector temperatures of 70 °C and 350 °C, 
respectively, and nitrogen carrier gas at a flow rate of 30 mL min
−1
. Quantification 
was performed against an external standard and results were expressed on a fresh 
weight basis (nL g
−1
 FW h
-1
).  
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For the experiments designed to test how inhibiting ethylene biosynthesis 
affects aerenchyma formation, rice leaf sheaths were brushed with 500 µM 
aminoethoxyvinylglycine (AVG, Fluka, Sigma-Aldrich) in an aqueous solution every 
24 h for 3 d before and during the water submersion.  
 
ROS experiments 
Leaf sheaths excised from control and 3 d flooded plants were used to measure H2O2 
production using the Amplex Red H2O2/peroxidase assay kit (Molecular Probes) 
according to the manufacturer’s instructions. 50 mg of frozen ground tissue was used 
for the extraction, and was mixed with 200 µl of 20 mM sodium phosphate buffer 
(pH 6.5), according to the protocol developed by the Schachtman Laboratory (Shin 
and Schachtman, 2004). After centrifugation at 10,000 rpm for 10 min (4 °C), 50 µl 
of supernatant were used for the Amplex Red assay.  
ROS visualization was performed on FR13A and AP leaf sheath sections using 
the fluorescent dye 2’-7’-dichlorodihydrofluorescein diacetate (DCFH2-DA, Sigma) 
(λex 488, λem 525 nm). Sections were obtained and immediately immersed in 10 
mM DCFH2-DA in 10 mM Tris-KCl buffer (pH 7.4) in dark conditions for 30 min, 
followed by a 15 min washing step with a buffer. Negative controls were only 
incubated with the buffer. Imaging was performed with the microscopical equipment 
previously described using filter blocks for EGFP (λex 450-490, dichroic 495, λem 
500-550 nm). 
For the experiments designed to test the how inhibiting ROS production 
affects aerenchyma formation, 10 µM diphenyleneiodonium (DPI, Sigma-Aldrich) in 
an aqueous solution (3% DMSO) were injected in the central cavity of the leaf 
sheaths of rice with every 24 h for 3 d before and during the water submersion.  
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Molecular analysis 
Genomic DNA of FR13A and AP leaf sheaths was prepared using GenEluteTM 
Plant Genomic DNA Miniprep Kit (Sigma-Aldrich), following the manufacturer's 
protocol. The PCR reaction mixture was prepared in 20 µl total volume using Red 
Taq Master mix (Invitrogen), 0.25 mM primers and 100 ng genomic DNA. PCR was 
performed using Sub1A, SK1 and SK2 specific primers according to Hattori et al. 
(2009). 
For gene expression analysis, total RNA was extracted using a RNAqueous kit 
(Applied Biosystems/Ambion), according to the manufacturer’s instructions, and 
subjected to DNase treatment using TURBO DNA-free kit (Ambion). Five 
micrograms of RNA were reverse-transcribed using the High-Capacity cDNA 
Archive kit (Applied Biosystems). Transcript abundance was analyzed by Real-Time 
Reverse Transcription PCR, using qPCR MasterMix Plus for SYBR® green I 
(Eurogentec) with specifically designed primers (Supplemental Table 1), using a ABI 
Prism 7000 Sequence Detection System (Applied Biosystems). The relative 
expression level of each gene was quantified with the comparative threshold cycle 
method, as described in the ABI PRISM 7000 Sequence Detection System User 
Bulletin Number 2 (Applied Biosystems), using rice glyceraldehyde-3-phosphate 
dehydrogenase (G3PDH) as internal reference. PCR reactions for each of the three 
biological replicates were performed in duplicate. 
 
 
RESULTS 
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AP and FR13A showed a different sensitivity to partial and total submergence 
Sub1A varieties such as FR13A can tolerate complete, short duration submergence 
thanks to their growth restriction strategy. The rapid growth of submerged plants can, 
however, be an advantage when growth is fast enough to allow the plant to reach the 
water surface and transport air to the submerged organs through aerenchyma. FR13A 
and AP differ greatly in their growth responses to submergence and we therefore 
tested whether their tolerance to submergence changed depending on the water level 
used to submerge the plants (Fig. 1A).  
 
 
FIG. 1. AP and FR13A plants under submergence. A, Diagram showing how 
the rice varieties were submerged in water. One-week-old rice seedlings were 
grown in pots and flooded with water, either 2 cm (minimal), 15 cm (partial) 
or 30 cm (total) above soil surface. The drawing depicts the plants at the end 
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of the experiment. B, Shoot length of the rice plants under different 
submergence conditions. The blue line indicate the water level. Data are 
expressed as mean ± SD, n = 3. C, Percentage of plant survival after 21 d of 
submersion followed by 7 d of recovery under well drained conditions. Data 
are expressed as mean ± SE, n = 12. 
 
When plants were submerged with only 2 cm of water, most of the aerial parts of 
the plants were aerobic and both varieties survived well (Fig. 1B). However, FR13A 
showed a percentage of survival lower than AP (~20 %), due probably to the 
sensitivity of this variety to stagnant water (Datta et al., 1973). Submergence in 15 
cm of water implies that both AP and FR13A were completely submerged at time 0. 
However, while FR13A elongation was not sufficient for emergence, rapid growth 
allowed AP plants to emerge between day 3 and day 7 of submergence. This variety 
did not show amplification with SK1 and SK2 primers (data not shown), suggesting 
the absence of the genes as already described for other japonica rice species (Hattori 
et al., 2009). The growth of AP was very rapid when submerged with 15 cm of water 
and slowed down after the leaf tip of AP had reached the water surface (Fig. 1B). 
Both varieties suffered from submergence, however approximately 50 % of plants 
survived, without any significant differences between the two varieties (Fig. 1C). 
When submerged under 30 cm water, AP plants grew longer than plants submerged 
under 15 cm water, but growth was not enough to reach the water surface (Fig. 1B). 
FR13A growth was, as expected (Xu et al., 2006), minimal (Fig. 1B), but survival 
was good (Fig. 1C). Whereas AP plants were all dead by the end of the treatment 
(Fig. 1C).  
 
AP and FR13A leaf sheath aerenchyma formation under complete submergence 
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AP leaf sheaths showed more constitutive aerenchyma than FR13A (Fig. 2A, B; air). 
The presence of aerenchyma increased following submergence in both AP and 
FR13A (Fig. 2A, B; Sub).  
 
FIG. 2. Aerenchyma formation in leaf sheath of AP and FR13A under air and 
after 3 d of total plant submergence (sub). A, Fresh cross-sections of the leaf 
sheath rice varieties under air and submergence. B, Percentage of 
aerenchymatous area in leaf sheath sections of the two varieties. Data are 
expressed as mean ± SE, n = 3. * and ** indicate significant difference per 
Student's t test, P<0.05 and 0.01, respectively. C, Viability of AP and FR13A 
leaf sheath cells showing aerenchyma formation using double staining with 
FM4-64 and FDA. Viable cells stained green by FDA indicate intact plasma 
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membranes. Absence of green colour and substantial red cell staining with 
FM4-64 indicates the loss of membrane integrity (arrow). AE, aerenchyma; 
SC, schlerenchyma. Bar = 0.2 mm. 
 
In rice, aerenchyma develops through lysigeny (Hoshikawa, 1989; Matsukura 
et al., 2000), resulting from the selective death of root and shoot cortex cells (Kawai 
et al., 1998).  
The viability of leaf sheath cells was examined using a double-labelling procedure 
with FDA/FM4-64 (green/red) fluorescent dyes (Lombardi et al., 2007; Schapire et 
al., 2008). FDA stains viable cells green, while FM4-64 stains cell plasma 
membranes, with increased red fluorescence in the cells where the membrane is 
damaged (Samaj et al., 2005). Both FR13A and AP showed dead cells (stained red) 
localized on the border region of the constitutive aerenchyma, mostly in samples 
from submerged plants (Fig. 2C). The cell death pattern (Fig. 2C) indicated 
progressive enlargement of aerenchyma following submergence (Fig. 2C, AE). Red 
fluorescent cells were also observed along schlerenchyma (Fig. 2C, SC). 
To determine whether DNA fragmentation, a process associated with 
programmed cell death (PCD; Wang et al., 1996), occurred in the nuclei, thus 
revealing dying cells, transverse sections of FR13A and AP leaf sheaths were 
processed for a TUNEL assay. TUNEL-positive nuclei were present in both FR13A 
and AP aerobic sections, in the tissue surrounding the expanded dead regions of the 
parenchymatic cells detected with the FDA/FM4-64 dyes (Fig. 3). DNA degradation 
became more evident in the submerged samples of both varieties, as demonstrated by 
the presence of a higher quantity of green-fluorescent TUNEL-positive nuclei (Fig. 
3). The blue-fluorescent nuclei detected with DAPI staining showed the presence of 
an intact nucleus in the other regions of the leaf sheath sections (Fig. 3). 
Chapter 3 
 
82 
 
 
FIG. 3. DNA fragmentation in AP and FR13A leaf sheaths under air and after 3 
d of total plant submergence (sub), detected by TUNEL staining. DAPI stained 
nuclei were used as positive controls. Bar = 0.2 mm 
 
Only AP showed submergence-dependent ethylene production  
The growth responses described in Fig. 1 suggested that AP does not contain the 
Sub1A gene. This prediction was experimentally confirmed by the lack of Sub1A 
PCR product in DNA samples of AP, a japonica group rice variety (data not shown). 
In FR13A, a typical Sub1A variety, the mRNA level of Sub1A-1 increased rapidly 
during submergence (Fig. 4).  
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FIG. 4. Ethylene synthesis in AP and FR13A leaf sheaths during aerenchyma 
formation. A, Expression of Sub1A and ACO genes. The expression level was 
measured based on FR13A air control at day 0 = 1. Data are mean ± SD, n = 3. B, 
Ethylene production after 3 d air and after 3 d of submergence treatment . Data are 
mean ± SD, n = 3. ** indicates significant difference, Student's t test, P<0.01. C, 
Percentage of aerenchymatous area in leaf sheath sections of AP and FR13A after 
the submergence treatment, with or without the ethylene biosynthesis inhibitor 
AVG (500 µM), every 24 h for 3 d before and during submergence. Data are mean 
± SE, n = 3. Different letters indicate significant differences between treatments 
(0.05 significance level) based on LSD multiple pairwise comparison test. 
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Since Sub1A has been reported to reduce ethylene synthesis (Fukao et al., 2006), 
a plant hormone with a predominant role in aerenchyma formation (Shiono et al., 
2008), we checked whether AP and FR13A differed in their ability to produce 
ethylene when submerged. 
The mRNA level of 1-aminocyclopropane-1-carboxylate (ACC) oxidase (ACO), 
a key enzyme for ethylene biosynthesis, increased in AP under flooding stress, but 
not in FR13A (Fig. 4A). In agreement with the molecular evidence, ethylene 
production was significantly higher in submerged AP leaf sheaths (Fig. 4B), while in 
FR13A no increased ethylene synthesis/entrapment (Voesenek et al., 1993) was 
observed following submergence (Fig. 4B).  
Treating the plants with the ethylene biosynthesis inhibitor AVG prevented the 
submergence-dependent increase in aerenchyma formation in AP but no change was 
observed in FR13A (Fig. 4C). This thus suggests that ethylene is not involved in leaf 
sheath aerenchyma formation in this Sub1A variety. 
 
FR13A displayed increased ROS accumulation under submergence 
The lack of ethylene synthesis as a consequence of submergence (Fig. 4B), together 
with the increased aerenchymatous areas in FR13A (Fig. 2) prompted us to verify 
whether an increased ROS production could compensate for the lack of ethylene as a 
signal triggering aerenchyma formation in FR13A.  
A significantly increased level of H2O2 was detected in submerged FR13A leaf 
sheaths (Fig. 5A), while in AP the H2O2 level was unchanged (Fig. 5A).  
A remarkable induction of ascorbate peroxidase 1 (APX1), a H2O2-induced 
mRNA (Karpinsky et al. 1997, 1999), was also observed in FR13A under 
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submergence, while no variation in the APX1 expression was detectable in AP (Fig. 
5B).  
 
FIG. 5. H2O2 production in AP and FR13A leaf sheaths. A, H2O2 production after 3 
d of submergence treatment and in well drained conditions (air). Data are the mean ± 
SD, n = 3. * indicates significant difference, Student's t test, P<0.05. B, Expression 
pattern of APX1. The expression level was measured based on FR13A control air at 
day 0 = 1. Data are the mean ± SD, n = 3. C, Leaf sheath sections of AP and FR13A 
treated with the green fluorescent dye H2-DCFDA for the detection of ROS. Bar = 
0.2 mm. D, Percentage of aerenchymatous area in leaf sheath sections of AP and 
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FR13A after the submergence treatment, with or without DPI (10 µM), every 24 h 
for 3 d before and during submergence. Data are mean ± SE, n = 3. Different letters 
indicate significant differences between treatments (0.05 significance level) based 
on LSD multiple pairwise comparison 
 
ROS production, detected using the fluorescent dye H2-DCFDA, was highest in 
FR13A leaf sheath sections in submerged plants, in the internal immature tissue that 
had not yet been directly affected by the aerenchymatous areas (Fig. 5C). A H2-
DCFDA green-fluorescence signal, indicating ROS accumulation, was also observed 
in both the varieties around the vascular tissue system towards the xylem (Fig. 5C). 
Treating the plants with the ROS-producing enzyme NADPH oxidase inhibitor 
DPI prevented the submergence-dependent increase in aerenchyma formation in both 
AP and FR13A (Fig. 5C). This suggested that a NADPH oxidase-dependent ROS 
signaling is involved in leaf sheath aerenchyma formation under submergence. 
 
 
DISCUSSION 
 
Rice is a semi-aquatic plant, which is able to survive prolonged submergence. 
The molecular basis behind two adaptation mechanisms for surviving flooding have 
been identified in different rice genotypes, highlighting the existence of profound 
intra-specific variations in plant survival strategies to submergence (for reviews see 
Bailey-Serres and Voesenek, 2008; Colmer and Voesenek, 2009; Bailey-Serres and 
Voesenek, 2010; Nagai et al., 2010; Bailey-Serres et al., 2010).  
Lowland rice varieties, belonging to the indica group and harbouring the ethylene 
responsive factor Sub1A, respond to submergence by adopting a quiescence strategy, 
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which includes reduced growth (Fukao et al., 2006; Xu et al., 2006). Deepwater rice 
varieties display an opposite strategy of fast internode elongation when submerged 
(Kende et al., 1998), in an attempt to reach the water surface and avoid O2 
deprivation (Hattori et al., 2009). This strong growth is controlled by the two 
ethylene responsive factors, SK1 and SK2, which are absent in all the non-deepwater 
rice varieties evaluated to date, but are present in some wild Oryza species that show 
deepwater responses (Hattori et al., 2009). The escape strategy is also activated in 
lowland rice lacking Sub1A, however it is often unsuccessful if the plant is unable to 
reach the water surface early enough to avoid prolonged O2 deprivation, before a 
rapid depletion of carbohydrate reserves has taken place (Bailey-Serres and 
Voesenek, 2008).  
We observed that both AP, a variety lacking Sub1A, SK1 and SK2, and FR13, a 
variety containing Sub1A, can survive moderate submergence, while FR13A can 
additionally survive complete submergence, through the Sub1A tolerance 
mechanism. Under partial and total submergence AP showed fast growth, with an 
energy cost which is probably exceedingly high, as demonstrated by the low 
percentage of survival (Fig. 1). Although the two varieties differ profoundly in their 
tolerance mechanisms, they both display increased aerenchyma formation when 
submerged, indicating that not only fast elongating varieties, but also Sub1A varieties 
rely on O2 transport to the underwater organs when submergence is shallow. 
Aerenchyma is also very important in deep flooding condition, allowing the plant to 
access the alternative O2 sources i.e. submergence water, underwater photosynthesis 
and leaves surface gas film (Colmer and Pedersen, 2008; Pedersen et al., 2009). 
The major problem that a plant has to confront when submerged is a dramatic 
reduction in gas exchanges (Bailey-Serres and Voesenek, 2008). A decline in O2 to a 
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concentration that limits aerobic respiration, leads to reduced ATP synthesis (for a 
review see Gibbs and Greenway, 2003). Aerenchyma formation is one of the plant’s 
morphological adaptations that helps to increase gas circulation inside the 
underwater organs (Evans, 2003).  
By analyzing the leaf sheaths of the two rice varieties FR13A and AP, we found 
that both displayed constitutive aerenchyma when not submerged which increased 
following submergence (Fig. 2). Increased aerenchyma likely helped both AP and 
FR13A to better survive minimal submergence (Fig. 1). The mechanism of 
aerenchyma formation appears to be similar in AP and FR13A leaf sheaths and is 
based on progressive cell-death along the peripheral tissues of the aerenchymatous 
tubes under submersion (Fig. 2C, Fig. 3). TUNEL positive nuclei that are 
peripherical to the FM4-64 fluorescent dead cells suggest the activation of a DNA-
degradation mechanism prior to the final disruption of the nucleus under autolysis 
(Bouranis et al., 2003). 
The signaling events leading to aerenchyma formation were very different. In 
FR13A the activation of the Sub1A gene (Xu et al., 2006) probably limited the 
submergence-induced ethylene production. On the other hand AP, which does not 
have the Sub1A gene, displayed a remarkable induction of ACO, probably leading to 
the observed high ethylene synthesis in submerged plants.  
Therefore, although ethylene is known to be a key component in the lysigenous 
aerenchyma formation under waterlogging through program cell death (for a review 
see Shiono et al., 2008), it does not explain aerenchyma formation in FR13A. In 
agreement with our hypothesis that ethylene plays only a minor role in aerenchyma 
formation in FR13A, treatment with the ethylene biosynthesis inhibitor AVG 
resulted in a significant reduction in aerenchyma in AP only (Fig. 4C). 
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Recently, aerenchyma formation in rice stems was found to be dependent on both 
ethylene and ROS accumulation (Steffens et al., 2010). Moreover, in Arabidopsis 
hypocotyls, both ethylene and ROS are involved in aerenchyma formation under 
hypoxic conditions (Mühlenbock et al., 2007). We found a clear increase in H2O2 
concentrations in submerged FR13A plants (Fig. 5A), together with the up-regulation 
of APX1 expression (Fig. 5B), a H2O2-regulated enzyme in higher plants (Karpinsky 
et al., 1997, 1999; Volkov et al., 2006). In addition, the analysis of ROS presence in 
the AP and FR13A leaf sheath sections revealed a higher H2O2 level in submerged 
FR13A, preferentially localized in the internal tissues that had not yet been affected 
by aerenchyma development (Fig. 5C). Similarly, high fluorescence due to the ROS 
staining DCFH2-DA was observed in intact, sulphate-starved cells in maize roots 
forming aerenchyma (Bouranis et al., 2003). In our experiments, treating the leaf 
sheaths with DPI, an inhibitor of the the ROS-producing NADPH oxidase enzyme, 
resulted in a reduced aerenchyma formation in both FR13A and AP. It has been 
proposed that the timing of ROS signaling occurs prior to ethylene signaling in 
aerenchyma development in Arabidopsis (Mühlenbock et al., 2007). In our 
hypothesis, a ROS transient production occurs prior to ethylene signaling in rice as 
well and is not detectable in AP after 3 d of flooding. 
In FR13A, the ethylene synthesis response is blocked when plants are 
submerged (Fukao et al., 2006) and ROS-dependent signaling is likely to substitute it 
in promoting further aerenchyma production.  
Jung et al. (2010) reported the activation of genes related to the removal of ROS 
in M202(Sub1) plants after submergence, suggesting that Sub1A is a positive 
regulator in ROS scavenging. This is in agreement with the higher APX1 expression 
we observed in FR13A (Fig. 5B). Jung et al (2010) also showed that H2O2 was 
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higher in leaves of M202 6 d after submergence compared with the M202(Sub1) 
isogenic line.  
We conclude that ethylene signaling is not involved in aerenchyma formation 
in FR13A. It is likely that Sub1A rice varieties, that rely on a limited production of 
ethylene when submerged to restrict their growth response, have developed 
alternative signals to enhance aerenchyma formation, which presumably help the 
plant to survive shallow flooding. The production of ROS in submerged Sub1A rice 
varieties, such as FR13A, may be that signal. Further analyses are under way to 
evaluate the possible role of the Sub1A gene in activating ROS signaling and to 
determine its relationship to aerenchyma formation under submergence. 
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.APPENDIX: 
 
TABLE S1. Sequences of primers used for quantitative (Real Time, RT) PCR analysis and for gene 
presence screening. 
 
 
 
References: Xu et al., 2006; Fukao et al., 2008; Hattori et al., 2009 
 
Gene Forward primer Reverse primer 
ACO (RT) 
LOC_Os09g27820 
5’-GGATGATGCTTGCGAGAACTG-3’ 5’-TCCATCAGCTCCGTCGAGAT-3’ 
G3PDH (RT) 
LOC_Os08g03290 
5’-AGAATAAAACGTGGACGGTGTTCA-3’ 5’-TGCAACTCATTATCCCAACTAGCATT-3’ 
APX1 (RT) 
LOC_Os03g17690 
5’-GTTCGGGACGATGAAGACC-3’ 5’-AGCTGGTAGAAATCGGCGTA-3’ 
Sub1A (RT) 
AAAA02037639.1 
5’-CGGCCTCATCACAATCGGAG-3’ 5’-ATGTCCATGTCCATATGTCGTCG-3’ 
SK1 
AB510478 
5’-ACGGTATCCCTGAACTACTG-3’ 5’-TCGTAGCGACAGCCGTACTG-3’ 
 
SK2 
AB510479 
5’-CACTGGAGGCAACGAATG-3’ 5’-TAAAAGGACCAGAGGCAGC-3’ 
Sub1A-1P1 5’-GATGTGTGGAGGAGAAGTGA-3’ 5’-GGTAGATGCCGAGAAGTGTA-3 
Sub1A-P 5’-CTCGGCACCTTCGACACC-3’ 
5’-AAGACGAACGGTGAACCATG-3’ 
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Introduction 
Oxygen (O2) deprivation in plants occurs frequently, due either to natural 
flooding events in flood-prone areas (Bailey-Serres et al., 2010) or to the slow 
diffusion of O2 in bulky organs (Geigenberger et al., 2000; van Dongen et al., 2003). 
Energy production is tightly regulated in the absence of O2. The respiratory 
metabolism switches from aerobic to anaerobic, in order to sustain ATP generation 
and guarantee survival (for a review see Geigenberger, 2003; Sachs and Vartapetian, 
2007; Colmer and Voesenek 2009). The way that plant morphology and physiology 
allows plants to withstand O2 deprivation has been a subject of study for many years 
(for a review see Voesenek et al., 2006).  
Recently, considerable progress has been made toward the comprehension of the 
molecular mechanisms governing these traits and which are responsible for plant 
sensitivity/tolerance to low O2 stress (Xu et al., 2006; Hattori et al., 2009; Lee et al., 
2009; Licausi, 2010). Moreover, very recently a direct homeostatic low O2 sensor has 
been identified in plants (Gibbs et al., 2011; Licausi et al., 2011). Ethylene 
responsive factors of group VII, among wich HYPOXIA RESPONSIVE1 and 2 
(HRE1 and HRE2) and RAP2.12, have been shown to be substrate of the N-rule 
pathway, where the N-terminal Met-Cys motif is subjected to targeted ubiquitin-
dependent protein degradation under normoxic condition, possibly through the 
oxidation of the tertiary destabilising residue Cys (Gibbs et al., 2011; Licausi et al., 
2011). The stabilisation of the N-terminal motif under low O2 leads to increased 
plant survival, through the control of the expression of core hypoxic genes (Gibbs et 
al., 2011). Whether Cys (un)stability depends directly on O2 or cellular changes 
associated to its availability, such as cytosolic pH or Reactive Oxygen Species (ROS) 
balance, is still unclear (Gibbs et al., 2011). 
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ROS production has been suggested to be a component of low O2 signaling. 
Baxter-Burrel et al. (2002) proved that the activation of a RHO like small G-protein 
of plant (Rop) under low O2 induces hydrogen peroxide (H2O2) accumulation via a 
NADPH oxidase mechanism which was shown to be required for ADH expression 
and activity, thus tolerance. The ROP family modulates signaling cascades 
associated with a variety of mechanism in plants and eukaryotic kingdoms in general 
(for a review see Yang and Fu, 2007). It seems that also tolerance to O2 deprivation 
requires Rop activation and de-activation and that their activity be controlled by 
negative feedback regulation which in turn requires a Rop GTPase Activating Protein 
(GAP), also regulated by H2O2 (Baxter-Burrel et al., 2002). The mechanism that 
drives the ROP rheostat activation under low O2 is currently not known, but it should 
involve a novel mechanism since Rac1, the counterpart of Rop, regulates NADPH-
oxidase through binding to the p47 regulatory subunit, that is absent in plants (Gu et 
al., 2004). 
H2O2 production is observed under both anoxia and heat stress (Banti et al., 
2010), suggesting that it can be involved in the induction of heat shock transcription 
factors (HSF) and heat shock proteins (HSP) found to be induced under these stresses 
(Banti et al., 2010). Indeed, among the families of conserved H2O2-responsive 
proteins across kingdoms, DNAJ-type HSPs and small HSP proteins were identified 
(Vandenbroucke et al., 2008). Moreover, a cross-kingdoms comparison of 
transcriptome regulation under low O2 indicate a general increase of HSPs transcripts 
(Mustroph et al., 2010). HSFs have been proposed to be specific H2O2 sensors in 
plants (Miller and Mittler, 2006) and Arabidopsis seedlings that overexpress HsfA2 
are markedly more tolerant to anoxia (Banti et al., 2010).  
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Overall, these results indicate that the response to anoxia and to heat often 
overlaps, and it seems that ROS production may occur upstream of the signaling 
pathway required for tolerance. Indeed, HSFs have not been proposed as directly 
regulated by the N-end rule pathway, suggesting ROS as possible actors in a side 
mechanism. However, ROS production due to general oxidative stress generated by 
low O2-dependent secondary alterations cannot be excluded.  
In order to verify whether a subset of hypoxic/anoxic transcripts are in fact 
regulated by ROS, we examined some Arabidopsis Affymetrix genome arrays related 
to both O2 deprivation and ROS-producing experiments which are available in 
literature. Our results demonstrate that a certain overlap exists between genes 
induced by ROS and genes induced by anoxia. Here we show that genes induced by 
both ROS and anoxia include some encoding HSPs and ROS-related TF and we 
propose that the expression of those genes under anoxia is regulated by a ROS-
dependent way that requires the activation of a NADPH-oxidase involved in 
tolerance. 
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Results and Discussion 
The core low-oxygen transcriptome in Arabidopsis plants. 
Transcript profiling datasets related to O2 deprivation (Table I) and ROS-related 
experiments (Table II) were gathered and analyzed. From cluster analysis of the 
datasets, it became evident that shoots and roots respond differently to ROS 
(Supplemental Fig. S1) and low O2 conditions (Supplemental Fig. S2), as previously 
observed (Ellis et al., 1999; Lee et al., 2011; Mustroph et al., 2009), and that the 
seedlings response was more similar to the shoot one. Therefore roots and 
seedlings/shoots datasets were analyzed separately. 
The microarray datasets related to O2 deprivation were investigated first. The 
majority of the experiments were performed using the Columbia ecotype at growth 
stage 1.0 (Boyes et al., 2001), under dark conditions. Treatment in the dark should 
eliminate the possibility that O2 be produced by photosynthesis (Mustroph et al., 
2006; Colmer and Pedersen, 2008).  
A core of genes up-regulated under anoxia and hypoxia was defined for both 
seedlings and shoots, by querying the whole microarray datasets at the arbitrary 
threshold of log2 ≥ 1 (p<0.05). For experiments containing several time points (e. i. 
Lee et al., 2011), we considered the regulation to be significant when at least one of 
the time points analyzed was significantly up regulated.  
The regulation of core anaerobic genes was also investigated in 35S::HRE1 and 
35S::HRE2 Arabidopsis transgenic plants under hypoxia. HRE1 gene is an ethylene 
responsive factors acting as positive regulator of a set of anaerobic genes under 
hypoxia (Licausi et al., 2010). Over-expression of HRE1 results in an increased 
anoxia tolerance (Licausi et al., 2010). Moreover, we investigated whether low O2 
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up-regulated transcripts were ectopically accumulated in the N-end rule mutants prt6 
and ate1/2 and thus directly regulated by the N-end rule pathway (Gibbs et al., 2011; 
Licausi et al., 2011). These mutants lack some of the recognition steps required for 
proteasomal degradation under normoxia, thus they constitutively express core 
hypoxic genes related to the anaerobic metabolism such as ADH1, PDC1, and SUS4 
(Gibbs et al., 2011). 
Six genes were found that constitute a core of transcripts significantly up-
regulated under all the anoxic experiments but not under hypoxia (Fig. 1A). These 
genes encoded mostly heat shock proteins (HSPs) (Fig. 1B), most of which are 
regulated by heat stress and which have been indicated to be HsfA2 targets 
(Nishizawa et al., 2006). HSPs were previously indicated to be part of the genes 
which expression in dependence of low O2 is conserved among different kingdoms 
(Mustroph et al., 2010). Their expression has been observed since very short anoxia 
treatment (e.g. two hours in seedlings) (Mustroph et al., 2010), indicating a fast 
mechanism of response. Moreover, HSP response is suggested to be H2O2 specific 
(Vandenbroucke et al., 2008). Interestingly, none of these genes was up-regulated in 
the HRE mutants subjected to hypoxia (Fig. 1B), neither were ectopically 
accumulated in N-end rule mutants prt6 and ate1/2 (Gibbs et al., 2011). Thus, the 
expression of these HSPs is likely not directly regulated by this mechanism. A single 
mitochondrial HSP (HSP23.5-M, At5g51440) is accumulated under normoxia in the 
ate1/2 mutant only (Gibbs et al., 2011). Secondary signaling molecules to monitor 
O2 availability might relay on calcium flux, energy charge and ROS balance. These 
three parameters seem to be interrelated, thus suggesting the presence of downstream 
events that could converge (Bailey-Serres and Chang, 2005). Emerging evidence 
suggests that ROS-mediated activation of plasma membrane calcium (Ca
2+
) channels 
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is involved in many plant signal transduction related to both biotic and abiotic stress 
and development events (for review see Lecourieux et al., 2006). Previous results 
demonstrated the involvement of a NADPH-oxidase-dependent H2O2 production 
under O2 deprivation response (Baxter-Burrel et al., 2002). Moreover, transient 
changes in Ca
2+
 during low O2 was found to be involved in ADH regulation 
(Sedbrook et al., 1996; Subbaiah et al., 1994a, 1994b). A connection between 
NADPH-oxidase dependent ROS production and Ca
2+
 oscillation has been suggested 
in Arabidopsis, where Ca
2+
 likely binds to the EF-hands of the N-terminal region of 
NADPH-oxidase and, together with phosphorylation, promotes ROS production 
(Ogasawara et al., 2008; Suzuki et al., 2011; Takeda et al., 2008). Whether and how 
this mechanism could in part overlap with N-end rule pathway is still unknown. 
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Figure 1. Genes regulated by anoxia. hypoxia and O2 deprivation in the seedlings/shoots 
Arabidopsis microarray datasets. The core genes were obtained selecting significantly 
regulated genes (-1>log2>1, p<0.05) in all the experiments and in at least 1 time-point in the 
experiments with several time points. A, Venn diagram showing significantly regulated genes 
under anoxia, hypoxia and the overlap between anoxia and hypoxia. B, Heat map showing the 
expression profile of anoxia, O2 deprivation and hypoxia regulated genes. Value represents 
log2 and colour indicates significant change (p<0.05). Abbreviations: A 6h1, 6 h of anoxia 
treatment without or with 90 mM sucrose (s) added before the treatment (Loreti et al., 2005); A 
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6h2, 6 h of anoxia treatment (Banti et al., 2010); A 12h, 12 h of anoxia treatment. total and 
polysomal (p) RNA (Branco-Price et al., 2005); H 4h, 4 h of hypoxia treatment at 1% O2 
(Licausi et al., 2010); S 7/24h, 7 and 24 h of submergence treatment (Lee et al., 2011); 
HRE1/2, Hypoxia Responsive ERF (HRE) 1 and HRE 2 over-expressing plants under 4 h of 
hypoxia treatment at 1% O2 (Licausi et al., 2010); prt6 and ate1/2, N-end rule mutants under air 
compared to wild type (Gibbs et al., 2011) . 
Previous results demonstrated the involvement of a NADPH-oxidase-dependent 
H2O2 production under O2 deprivation response (Baxter-Burrel et al., 2002). 
Moreover, transient changes in Ca
2+
 during low O2 was found to be involved in ADH 
regulation (Sedbrook et al., 1996; Subbaiah et al., 1994a, 1994b). A connection 
between NADPH-oxidase dependent ROS production and Ca
2+
 oscillation has been 
suggested in Arabidopsis, where Ca
2+
 likely binds to the EF-hands of the N-terminal 
region of NADPH-oxidase and, together with phosphorylation, promotes ROS 
production (Ogasawara et al., 2008; Suzuki et al., 2011; Takeda et al., 2008). 
Whether and how this mechanism could in part overlap with N-end rule pathway is 
still unknown. 
Five transcripts were found to be consistently up-regulated by hypoxia. These 
same genes were also significantly up-regulated in some anoxic microarrays but not 
necessarily in all (Fig. 1B). This was not true the other way around. Indeed, while we 
found genes that were consistently up-regulated in anoxia, they were not 
significantly up-regulated in any of the hypoxic microarray experiments. This 
suggests that the response to anoxia contains all elements of the response to hypoxia 
but that anoxia also contains additional elements (Fig. 1B), as was previously 
proposed by Licausi (2010). Among the set of five hypoxic genes, we found 1-
aminocyclopropane-1-carboxylate oxidase (ACO1), a gene which plays a key role in 
ethylene biosynthesis and requires O2 for its catalytic activity. Ethylene increases 
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within minutes in plants subjected to soil waterlogging or complete submergence due 
to entrapment in submerged organs and reduced catabolism (Kawase, 1972, 1978; 
Könings and Jackson, 1979; Geisler-Lee et al., 2010).  
A specific group of eight genes that are up-regulated following both anoxia and 
hypoxia were also identified, they include PYRUVATE DECARBOXYLASE 1 (PDC1, 
At4g33070), ALCOHOL DEHYDROGENASE 1 (ADH1, At1g77120), and SUCROSE 
SYNTHASE 4 (SUS4, At3g43190), (Fig. 1B). Sucrose synthase catalyses the 
conversion of sucrose to UDP-glucose and fructose that will be used in glycolysis 
(Ricard et al., 1998). ADH1 and PDC1 are involved in catalyzing reactions involved 
in ethanol fermentation, which occurs in response to O2 deprivation to ensure the 
regeneration of NAD
+
 for glycolysis with concomitant production of ATP, in the 
absence of mitochondrial respiration (Kürsteiner et al., 2003). These genes are 
regulated by low O2, independently of the degree of O2 deprivation, and they encode 
enzymes required for the anaerobic respiration. Hypoxia responsive genes (i.e. ADH1 
and SUS4) induction is augmented in HRE1 overexpressor under anoxia (Licausi et 
al., 2010) and in 35S::∆13RAP2.12 plants in air, where the first 13 amino acid 
residues were deleted, resulting in loss of recognition for degradation under 
normoxia (Licausi et al., 2011). HRE1 and RAP2.12 are members of the group VII of 
the Ethylene Responsive Factors (ERF) Arabidopsis family, composed by five 
members (Nakano et al., 2006). They share homology to the rice ERF 
SUBMERGENCEs and SNORKELs, found to be necessary for the activation of the 
quiescence strategy in lowland rice (Xu et al., 2006) and escape strategy in 
deepwater rice (Hattori et al., 2009), respectively. Arabidopsis ERF of group VII are 
activated under low O2 to support gene expression for acclimation strategy (Gibbs et 
al., 2011; Licausi et al., 2011). Through the presence of the initiating motif MC at 
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the N-terminal site, these ERF are degraded through ubiquitination under normoxia, 
by the N-end-rule mediated removal of Met and oxidation of the Cys residue (Gibbs 
et al., 2011; Licausi et al., 2011). Under low O2, they are stabilised and activated and 
move to nucleus to trigger anaerobic gene expression (Licausi et al., 2011). As 
previously described, anaerobic genes are also activated ectopically in N-end rule 
mutants prt6 and ate1/2 (Fig. 1B) (Gibbs et al., 2011).  
Two other genes were also part of the group up-regulated by both anoxia and 
hypoxia, namely the LATERAL ORGAN BOUNDARIES DOMAIN containing protein 
41 (LBD41, At3g02550), and a universal stress protein (USP, At3g03270). LBD41 is 
member of the LBD gene family that encodes plant-specific transcription factors 
(Husbands et al., 2007). LBD genes are suggested to be involved in developmental 
processes, including leaf polarity establishment (Lin et al., 2003; Xu et al., 2003) and 
lateral root formation (Inukai et al., 2005; Liu et al., 2005; Okushima et al., 2007). 
Recent results also suggest some LBDs be involved in auxin signaling (Inukai et al., 
2005; Lin et al., 2003; Taramino et al., 2007; Mangeon et al., 2011). The USP 
protein family has been identified and studied in bacteria, but its biochemical role is 
not yet fully understood. These proteins are believed to play a function in response to 
a plethora of stresses, including carbon starvation, O2 deprivation, nitrate, phosphate 
and sulphate starvation, oxidative stress and heat shock (Nachin et al., 2008). In 
plants, they have been classified but not deeply studied (Kerk et al., 2003). Indeed, 
an USP was found to be induced in rice under submergence and to be positively 
regulated by ethylene, suggesting a role in adaptation to this stress (Sauter et al., 
2002).  
We have identified a set of genes that are down-regulated by anoxia but not 
hypoxia (Fig. 1A, 1B). Many of them belong to the “cell wall” functional class, 
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suggesting a mechanism of general repression of growth under severe O2 
deprivation, while others belong to the “protein post-translational modification” 
functional class. Intriguing was the behaviour of the AUXIN-REGULATED GENE 
INVOLVED IN ORGAN SIZE (ARGOS, At3g59900), which, while down-regulated 
under anoxia, was up-regulated in some hypoxic experiments (Fig. 1B). This gene is 
induced by auxin and controls lateral organ size (Hu et al., 2003).  
The available root datasets were screened for significantly regulated genes 
(Supplemental Fig. S3A). The root material from the submergence experiment of Lee 
et al. (2011) was defined as anoxic since the measurement of the O2 partial pressure 
demonstrated its absence. The specific group of genes that are up-regulated 
following both anoxia and hypoxia were defined to be those significantly regulated 
in at least five conditions out of the nine analyzed by van Dongen et al. (2009), and 
one condition out of the two analyzed by Lee et al. (2011), “anoxic” the genes 
significantly regulated in both the conditions analysed by Lee et al. (2011) and none 
or one from van Dongen et al., 2009, and “hypoxic” the genes regulated in at least 
five conditions out of the nine analyzed by van Dongen et al. (2009) and never 
regulated under the conditions of Lee et al. (2011). Also for root experiments a core 
of genes up-regulated under both anoxia and hypoxia was defined. Among these 
genes, six were in common with the up-regulated genes of the seedlings/shoots group 
and some of them encode for the enzymes required for the anaerobic respiratory 
pathway (e.g. ADH1 and SUS4).  
In roots like in seedlings/shoots, some genes were found to be up-regulated more 
specifically under anoxic conditions (Supplemental Fig. S3A). None of them was in 
common with the corresponding category of the seedlings/shoots group. In 
particular, the group of HSPs found in seedlings/shoots was not present in the genes 
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up-regulated under anoxia in roots. Checking each single root array, it was evident 
that none of them showed a positive regulation of these HSP genes (Supplemental 
Table S1). However, previous results showed the induction of HSPs under low O2 in 
roots (Mustroph et al., 2010) with an enrichment in the phloem companion cells 
(Mustroph et al., 2009).  
No genes were found to be significantly down-regulated in roots under hypoxia, 
following our analysis of data (five conditions out of nine, log2 ≥ 1, p<0.05) 
(Supplemental Fig. S3A), in line with the seedlings/shoots core genes dataset (Fig. 
1B). However, genes were down-regulated in single experiments as previously 
reported (van Dongen et al., 2009) but none of them was present in all the time-sets 
following our criteria. van Dongen et al., (2009) reported a low tendency of genes to 
be down-regulated, suggesting a preferential reprogramming toward adaptation 
rather than inhibition. Down-regulation of gene expression under low O2 could be a 
side effect of low O2 treatment which does not depend on a direct and conserved 
modulation of gene expression, as it happens instead for up-regulated genes (van 
Dongen et al., 2009).  
Questioning the organ specific response of gene regulation, only six genes were 
found to be in common between roots and seedlings/shoots (Supplemental Fig. S3B, 
Supplemental Table S1). Ten genes regulated by O2 deprivation conditions in 
seedlings/shoots were also found to be regulated in some of the roots experiments 
(Supplemental Fig. S3B, Supplemental Table S1). The contrary was observed for 
seven genes. Thus, a number of genes both up and down-regulated was organ related. 
These genes are interesting since they could define an organ specific response to O2 
limitation. Indeed, transcriptome adjustment has been suggested to be organ-specific 
(Ellis et al., 1999; Lee et al., 2011; Mustroph et al., 2009). Because of the absence of 
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a direct ROS signature in the genes commonly regulated in roots, we did not report 
data about subsequent analysis. 
  
 
Convergence in the gene transcripts regulated by ROS and O2 deprivation 
Some authors have proposed the involvement of ROS-driven signaling under O2 
deprivation (Banti et al., 2010) to be mediated by NADPH oxidase (Baxter-Burrel et 
al., 2002). This idea might seem counterintuitive since O2 is required for ROS 
production. However, O2 deprivation at the cellular level occurs later than deficiency 
in the environment, since internal O2 concentration depends also on the resistance to 
O2 diffusion through tissue (Gupta et al., 2009). Cytochrome c oxidase (COX) 
catalyzes the reduction of O2 to H2O with high affinity for O2 (Km(O2) ~ 0.1µM) 
(Gupta et al., 2009) along the mitochondrial electron transport chain (Cooper, 2002) 
whereas the oxidative burst which produces ROS via the cell membrane-located 
NADPH oxidase occurs in the apoplast (Torres and Dangl, 2005). It is tempting to 
speculate that this oxidative burst occurs prior to the use of O2 by COX inside the 
cell. Indeed, recent findings report the involvement of mitochondria in oxidative 
burst following anoxia where ROS production is likely to occur at the mitochondrial 
ETC (Chang et al., 2012).  
Should ROS be part of the mechanism(s) behind gene regulation under hypoxia 
or anoxia, we would expect to find a convergence in gene regulation when 
comparing ROS and low O2 related datasets. The ROS-related datasets used for our 
analysis, all of which were performed at growth stage 1.0 (Boyes et al., 2001), are 
 Chapter 4 
 
112 
 
described in Table II. A very detailed analysis on the specificity of ROS signaling 
was previously published by Gadjev et al. (2006). We instead filtered both the ROS 
and the O2 deprivation (anoxia and hypoxia) datasets related to seedlings/shoots, and 
selected genes that were regulated (log2 ≥ 1 and log2 ≤ -1, p<0.05) in at least one 
experiment. The genes identified with these criteria were 1,762 (data not shown). We 
searched this group of genes to identify those found both in O2 deprivation and ROS 
signaling, identifying 431 genes (Fig. 2A). One hundred and ninety-seven of them 
were commonly up-regulated (Supplemental Fig. S4) and 90 commonly down-
regulated (Supplemental Fig. S5). Among the functional classes that were co-
regulated, “S-assimilation”, “fermentation”, “N-metabolism” and “stress” were over-
represented and all of them consisted of up-regulated genes only (Fig. 2B). However, 
only the “stress” cluster contained a large number of genes (Fig. 2B). A large number 
of co-down-regulated genes belonging to the over-represented “cell wall” cluster was 
also found (Fig. 2B). 
 
Figure 2. Genes co-regulated in O2 deprivation and ROS-related seedlings/shoots microarray 
experiments. A, Venn diagram showing the overlap of up- and down-regulated genes under O2 
deprivation and/or ROS-related experiments, considering at least one significantly regulated 
 Chapter 4 
 
113 
 
experiment for each condition. In bold,  up and down co-regulated transcripts. B, Percentage of up- 
and down-regulated functional gene categories under O2 deprivation and ROS-related microarray 
experiments, and ratio of co-regulated class percentage divided by the relative percentage of gene 
classes represented in the microarray. The line indicates ratio=1. all the classes above this value are 
over-represented in the O2 deprivation and ROS-related co-regulated genes classes. 
Among the 197 genes up-regulated in both O2 deprivation and ROS datasets, the 
hierarchical average linkage clustering identified a functional group composed of 22 
genes related to heat stress (Fig. 3), including several HSPs but also heat-shock TFs 
(e. i. HsfA2, HsfA7A and HsfB2A). This group included genes induced both under 
anoxia and some of the ROS-related experiments. Hsfs are encoded by a large gene 
family and act by binding to a highly conserved heat shock element (HSE) in the 
promoter region of many target genes related to defense (Davletova et al., 2005a; 
Mittler and Zilinskas, 1992; Storozhenko et al., 1998). Several reports suggest the 
existence of a direct link between heat shock and oxidative stresses, as they show 
that Hsfs are activated during various environmental stimuli (Li et al., 2005; 
Nishizawa et al., 2006; Banti et al., 2008, 2010). Hsfs were also proposed to be ROS 
sensors in plants (Miller & Mittler, 2006), as suggested for Drosophila and mammals 
(Zhong et al., 1998; Ahn and Thiele, 2003). Hierarchical average linkage clustering 
associated the heat-related genes to H2O2 and O2
-
 producing experiments as well as to 
the anoxic (but not hypoxic) ones (Fig. 3), a result that is consistent with the 
seedlings/shoots core gene dataset for hypoxia, showing no significantly up-
regulated HSP genes (Fig. 1B).  
The expression of HSP gene orthologous was investigated in the available 
microarrays of rice plants tolerant and sensitive to low O2 (Mustroph et al., 2010; 
Kottapalli et al., 2007). Indeed, some HSP orthologous genes showed an up-
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regulation in the tolerant varieties only (Supplemental Table S2). In particular, 
Os03g14180 likely orthologous to HSP25.3-P of A. thaliana, was induced in tolerant 
rice under submergence and was also present in the anoxia up-regulated genes 
category defined in Fig. 1B. Indeed, conserved induction of HSPs under low O2 has 
been found in several plant species analysed before (Mustroph et al., 2010). The 
activation of the HSP way could be a successful strategy under low O2. This is 
demonstrated by the anoxia tolerance of the hsfA2 overexpressor plants that, while 
not showing up-regulation of classical anaerobic genes, shows increased 
transcription and translation of HSPs (Banti et al., 2010). Up-regulation of HSP 
genes in rice tolerant plants strength this hypothesis. However, it appears that this 
way is not fully executed in Arabidopsis under anoxia (Banti et al., 2010). This 
might be related to the energy need of the de-novo protein synthesis, that likely is 
dampen under the energy shortage occurring under anoxia. In this context, some of 
the HSPs found to be up-regulated under anoxia (Fig1B) are part of the small HSP 
class that likely act in an ATP-independent way (Sun et al., 2002). 
The overlap between heat-stress and anoxia was already described by Banti et al. 
(2010), who proposed H2O2 as the signaling element linking anoxia and heat stress. 
HSPs are induced by anoxic stress in several species, suggesting a conservation of 
this mechanism across different kingdoms (Mustroph et al., 2010; Vandenbroucke et 
al., 2008). Anoxia, differently from hypoxia, could harbour a more complex 
mechanism of response/adaptation rather than a simple switch to fermentative 
metabolism, as suggested by Licausi (2010) and we suggested that induction of heat-
related genes is mostly related to anoxia (Fig. 3). 
Sucrose feeding drastically enhances both the induction of HSPs and anoxia 
tolerance in Arabidopsis seedlings (Loreti et al., 2005). Sucrose triggers higher HSPs 
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expression, especially when sucrose is added to the growth medium some days prior 
to the anoxic treatment (Supplemental Fig. S6). Transcripts convergence in processes 
involving sugar, ROS and scavengers suggests that sugar modulation of gene 
expression is likely related to oxidative stress control (Couée et al., 2006). Sucrose 
feeding enhances transcription of HSPs (Loreti et al., 2005) that, acting as 
chaperones, may prevent aggregation, denaturation, misfolding and degradation of 
proteins important for plant survival. Indeed, exogenous sugar strongly enhances low 
O2 tolerance in a variety of plant species (Vartapetian and Andreeva, 1986; Perata et 
al., 1992; Germain et al., 1997; Loreti et al., 2005).  
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Figure 3. Hierarchical average linkage clustering of heat stress related genes regulated in 
seedlings/shoots in both O2 deprivation and ROS-related experiments. Abbreviations: A 6h1, 6h of 
anoxia treatment without or with 90 µM sucrose (s) added before the treatment (Loreti et al., 2005); A 
6h2, 6 h of anoxia treatment (Banti et al., 2010); A 12h, 12 h of anoxia treatment, total and polysomal 
(p) RNA (Branco-Price et al., 2005); H 4h, 4 h of hypoxia treatment at 1% O2 (Licausi et al., 2010); S 
7/24h, 7 and 24 h of submergence treatment (Lee et al., 2011); flu 30'/1h/2h, flu mutant shift from 
dark to light (op den Camp et al., 2003); AOX1a-AS, AOX1a-AS mutant (Umbach et al., 2005); MV 
1/6/12h, MV treatment (Dr Kirch, NASCArray repository); O3, 1 h of O3 fumigation at 200 ppb (Dr. 
Shirras, NASCArray repository); H2O2, 1 h of H2O2 treatment at 20 mM (Dr. Mittler, NASCArray 
repository). 
 
AtRbohD helps mediate ROS signaling in seedlings/shoots under anoxia 
Anoxia triggers an oxidative burst in which H2O2 plays a role (Baxter-Burrel et al., 
2002; Banti et al., 2010). Transient, early H2O2 accumulation was observed in 
Arabidopsis seedlings under anoxia but not hypoxia (Fig. 4A). HsfA2 and HSP22 
were up-regulated by H2O2 (Fig. 4B) and the induction of these genes under anoxia 
but not hypoxia is suggestive of a direct role of the H2O2 produced under anoxia as a 
trigger for the early expression of these genes (Fig. 3). 
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Figure 4. ROS-related experiments under anoxia. A, Hydrogen peroxide production under anoxia and 
hypoxia. B, Regulation of HsfA2 and HSP22 gene expression at different exogenous H2O2 
concentration and in a time course up to 4 hours (H2O2 5 mM).  
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ROS generated by NADPH oxidase regulate plant development as well as biotic and 
abiotic stress responses (Torres and Dangl, 2005). The NADPH oxidase gene family 
is composed of 10 Rboh genes (Torres et al., 1998; Dangl and Jones, 2001), 
encoding plasma membrane proteins that display a cytosolic extension with two 
calcium (Ca
2+
) binding EF-hands, likely responsible for their regulation by Ca
2+
 
(Keller et al., 1998). NADPH oxidase rapidly reduces apoplastic O2 to O2
-
 as a 
primary product which then may be further converted to H2O2 (Neill et al., 2002). 
ROS generated via NADPH oxidase might represent the link in common stress 
signaling (Miller et al., 2009). Previous data suggest that different Rboh genes are 
active in different cellular contexts. While AtrbohC has a function in root-hair 
development (Foreman et al, 2003), AtrbohD and AtrbohF are required in response 
to plant pathogens (Torres et al., 2002) and ABA signaling (Kwak et al., 2003). The 
survey of Rboh gene expression in the microarray datasets, allowed us to identify 
RbohD as significantly up-regulated in some the low O2 experiments (Fig. 5A). 
RbohD is also positively regulated in some ROS-related microarrays (Fig. 5A). 
Interestingly, the rbohD mutant, previously shown to display reduced O2
-
 production 
and H2O2 accumulation during defence responses (Torres et al., 2002), displayed 
reduced survival under anoxia (Fig. 5B). 
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Figure 5. NADPH oxidase role under anoxia. A, Regulation of NADPH oxidase 
isoforms in the O2 deprivation microarray experiments. B, Arabidopsis wild type plants 
and rbohD mutant survival after 8 and 10 h of anoxia. Abbreviations: A 6h1, 6 h of 
anoxia treatment without or with 90 mM sucrose (s) added before the treatment (Loreti 
et al., 2005); A 6h2, 6 h of anoxia treatment (Banti et al., 2010); A 12h, 12 h of anoxia 
treatment. total and polysomal (p) RNA (Branco-Price et al., 2005); H 4h, 4 h of 
hypoxia treatment at 1% O2 (Licausi et al., 2010); S 7/24h, 7 and 24 h of submergence 
treatment (Lee et al., 2011); flu 30'/1/2h, flu mutant shift from dark to light (op den 
Camp et al., 2003); AOX1a-AS, AOX1a-AS mutant (Umbach et al., 2005); MV 
1/6/12h, MV 1, 6, 12 h treatment (Dr Kirch, NASCArray repository); O3, 1 h of O3 
fumigation at 200 ppb (Dr. Shirras, NASCArray repository); H2O2, 1 h of H2O2 
treatment at 20 mM (Dr. Mittler, NASCArray repository). 
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We also screened the list of genes commonly up-regulated in some ROS and low 
O2 experiments for TF specifically related to ROS signaling (Gadjev et al., 2006). 
Hierarchical clustering linkage of these genes showed association of gene induction 
with anaerobic experiments (Fig. 6A). A survey of expression of some of these gene 
under anoxia,  revealed a lower induction of HsfA2 and ZAT12 in the insertional 
rbohD mutant when compared to the wild-type (Fig 6B), suggesting a role for this 
NADPH oxidase in inducing these genes under anoxia, and their partial requirement 
for survival. HsfA2 has previously been shown to be fast up-regulated after one hour 
under anoxia (Banti et al., 2010). The regulation of some other genes like ZAT6 and 
ADH was instead mostly not affected by the lack of functional RBOHD. ZAT12 has 
been found to be potentially involved in ROS since its expression is up-regulated 
following several stresses including heat, high light and cold (Davletova et al., 
2005a; Doherty et al., 2009; Rizsky et al., 2004; Miller et al., 2008). Moreover, 
knock out and over-expressor ZAT12 plants were found to be altered in response to 
different stresses (Davletova et al., 2005b; Rizsky et al., 2004).  
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Figure 6. ROS-related TF regulation under anoxia. A, Regulation of ROS-
related TF in the O2 deprivation microarray experiments. B, Regulation of 
HsfA2, ZAT12, ZAT6, and ADH gene in wt and rbohD
-
 plants under anoxia in a 
time course up to eight hours. Abbreviations: A 6h
1
, 6 h of anoxia treatment 
without or with 90 mM sucrose (s) added before the treatment (Loreti et al., 
2005); A 6h
2
, 6 h of anoxia treatment (Banti et al., 2010); A 12h, 12 h of anoxia 
treatment, total and polysomal (p) RNA (Branco-Price et al., 2005); H 4h, 4 h of 
hypoxia treatment at 1% O2 (Licausi et al., 2010); S 7/24h, 7 and 24 h of 
submergence treatment (Lee et al., 2011); flu 30’/1/2h, flu mutant shift from dark 
to light (op den Camp et al., 2003); AOX1a-AS, AOX1a-AS mutant (Umbach et 
al., 2005); MV 1/6/12h, MV 1, 6, 12 h treatment (Dr Kirch, NASCArray 
repository); O3, 1 h of O3 fumigation at 200 ppb (Dr. Shirras, NASCArray 
repository); H2O2, 1 h of H2O2 treatment at 20 mM (Dr. Mittler, NASCArray 
repository).  
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Recently, mitochondria-associated ROS production has been found to be 
involved in Arabidopsis response to O2 deprivation (Chang et al., 2012). Oxygen 
deprivation and also re-oxygenation promote the rapid and transient activation of 
mitogen-activated protein kinases (MPK) 3, 4 and 6 that seem to be dependent on 
mitochondrial ROS. The over-expression of MPK6 leads to increased survival to 
anoxia, but the classic transcripts related to the anaerobic metabolism were not 
significantly modulated, suggesting a promotion in plant survival probably related to 
a pathway different from that involving the activity of proteins encoded by the core 
anaerobic genes (Chang et al., 2012). The link between mitochondrial and membrane 
derived ROS production under anoxia is currently unknown. However, a link 
between functional mitochondria and HSPs synthesis has been demonstrated. 
Mitochondrial disfunction down-regulates HSPs production during mild heat shock 
in Arabidopsis cell (Rikhvanov et al., 2007). Moreover, in mammals pulmonary 
arteries hypoxia-driven mitochondrial ROS production has been suggested to trigger 
NADPH oxidase activity, suggesting a mechanism by which mitochondria and 
cytosol both contribute to the increase in ROS production during low O2 (Rathore et 
al., 2008). Future studies will elucidate whether this is the case in plants. 
 
Conclusion 
The balance between cellular ROS production and ROS scavenging rate enables a 
rapid and dynamic change in tissue and subcellular ROS levels (Mittler et al., 2011). 
These are necessary features if a signaling molecule is to be efficient. ROS were 
recently shown to be required in response to diverse abiotic stimuli for rapid cell-to-
cell communication over long distances (Miller et al., 2009). Data describing the 
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existence of ROS production under O2 deprivation (Baxter-Burrel et al., 2002; Chang 
et al., 2012), together with the overlap with the molecular response to heat (Banti et 
al., 2010), suggest a role for ROS in plant adaptation to low O2. In this work, we 
identified a group of genes regulated by anoxia but not hypoxia, most of which are 
heat-related. These genes are not part of the group of core anaerobic genes that are 
regulated by ERFs under the control of the N-end pathway for O2 sensing recently 
described (Gibbs et al., 2011; Licausi et al., 2011). Furthermore, a set of genes that 
respond to anoxia overlaps with a group of ROS-regulated genes and we observed an 
early, transient peak of H2O2 production under anoxia but not hypoxia. We propose 
that RbohD is partially involved in the signaling cascade responsible for the 
induction of ROS-related TF under anoxia, a mechanism that allows Arabidopsis to 
survive longer under O2 absence. 
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Materials and Methods 
 
Microarray analysis 
Publicly available Arabidopsis microarray databases were screened for ROS and O2 
deprivation related experiments (Table I and Table II). CEL files were downloaded 
from the Gene Expression Omnibus (GEO) repository 
(http://www.ncbi.nlm.nih.gov/gds) or the NASC's International Affymetrix Service 
(http://affymetrix.arabidopsis.info/narrays/experimentbrowse.pl). A total of 6 
experiments related to O2 deprivation (6h anoxia ± sucrose feeding, 12h anoxia, 30’, 
2h and 48h of 1, 4 and 8% of O2, 4h of 1% O2, and 7, 24h of submergence) and 
another 5 related to ROS-generating systems (MV treatment, O3 fumigation, H2O2 
treatment, AOX1a-AS and flu mutants) were selected for the analysis. Three of the 
microarrays had no biological replicates while the others included a minimum of two 
biological replicates. All the experiments were used for all analysis. For specific 
information on each experiment please refer to the original datasets. Information on 
the condition of the MV, O3 and H2O2 treatment, performed by the groups of Dr. 
Kirch, Dr. Shirras and Dr. Mittler, respectively, can be found in the NASCArrays 
repository at the respective reference number (Table II). 
 
Data processing 
Raw intensity CEL files were imported in Robin interface for microarray (Lohse et 
al., 2010) and the quality of the original 133 arrays was checked. Probe level model 
(PLM) residual pseudo-images showing potential artefacts were excluded from the 
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analysis. Raw normalized expression values of ROS and O2 deprivation arrays, 
generated from treated samples only, were analyzed using hierarchical clustering 
based on Pearson correlation. Two experimental groups with a similar global 
response in gene expression were identified in roots and seedlings-shoots, in both 
ROS and O2 deprivation conditions (Supplemental Fig. S1 and S2). The two organ-
specific clusters were treated separately in the subsequent analysis. For the MV 
treatment on shoot (NASCARRAY-143), cluster dendrogram revealed three different 
main clusters of genes (data not shown). The experiments related to 1h, 6h and 12h 
of treatment were then selected for the seedlings-shoots analysis as representative of 
the three clusters. Both seedlings-shoots and roots groups data were normalized and 
the signal intensities were estimated using the Affimetrix Microarray Analysis Suite 
(MAS) 5.0. Average expression values and their adjusted P-values were calculated 
using the Benjamini–Hochberg adjustment method (Reiner et al., 2003). For the 
experiment of Branco-Price et al. (2005), polysomal RNA fold change in expression 
values was calculated on the basis of the row CELL data obtained by the GSE2218 
experiment. Calls resulting significantly regulated in at least two different 
experimental conditions (p<0.05) were filtered, resulting in 1,762 and 68 
significantly differentially expressed genes, in seedlings/shoots and roots, 
respectively (data not shown).  
The core of O2 deprivation, anoxic and hypoxic related genes was arbitrary 
defined to be log2 ≥ 1 (p<0.05) in the overall seedlings/shoots and roots experiments 
(Fig. 1 and S3, respectively). 
The relative abundance of functional gene classes was calculated considering for 
each class the percentage of co-regulated genes divided by the percentage of gene in 
the microarray (Fig. 2B). 
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The averaged log-normalized values of the selected probesets were hierarchically 
clustered using the average linkage on the Euclidean distance. The clustering 
analysis and heatmaps were obtained using The Institute for Genomic Research 
(TIGR) Multiple Experiment Viewer 3.1 (Saeed et al., 2003). 
 
Plant material and treatment conditions 
Arabidopsis thaliana, Col-0 ecotype, was used for the experiments. The homozygous 
line of the transposon-tagged insertional mutant rbohD (N9555) obtained from the 
European Arabidopsis Stock Centre (NASC), where it was donated by Jonathan 
Jones (John Innes Centre). Seeds were sterilized 10 min with diluted bleach (1.7% 
sodium hypochlorite), rinsed and washed several times in sterile water. For the 
detection of H2O2 and the H2O2 treatments, the experiments were performed with 4 d 
old dark-grown seedlings. Seeds were sown in liquid Murashige–Skoog (MS) half-
strength medium supplemented with 1% sucrose. Seeds were stratified for 72 h in the 
dark at 4°C and then transferred to 23°C in the dark with shaking.  
When fed to seedlings, H2O2 was dissolved in MS medium of 4 d old seedlings, 
added to the final concentration of 0.05, 0.5, 5, and 50 mM. For the time-course 
experiments, 5 mM H2O2 was used (Fig. 4B). Plates were incubated at 23 °C in the 
dark with shaking for 2 h.  
Anoxic and hypoxic treatments were carried out in the dark. An enclosed 
anaerobic workstation (Anaerobic System model 1025; Forma Scientific) was used 
to provide an O2-free environment for seedlings incubation. This chamber uses 
palladium catalyst wafers and desiccant wafers to maintain strict anaerobiosis to less 
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–1
 O2 (according to the manufacturer’s specifications). High-purity N2 
was used to initially purge the chamber, and the working anaerobic gas mixture was 
N2:H2 with a ratio of 90:10. Hypoxic treatments were carried out using a glovebox 
flushed with 1% O2. The anoxic and hypoxic treatments lasted up to 3 h, collecting 
samples every 15 min (Fig. 4A). 
Agar plates were used to evaluate plants tolerance to anoxia and for gene 
expression analysis (Fig. 5B, 6B). To obtain 7 d old plants in vertical plates, seeds 
were germinated on Murashige–Skoog (MS) half-strength medium containing agar 
(0.9%) and sucrose (1%). Seeds were stratified for 72 h in the dark at 4°C and then 
transferred at 23 °C and 12 h light photoperiod, PAR ~100 µmol m
-2 
s
-2
. 
Anoxic treatments were performed by transferring the plates in the anaerobic 
work station and kept in the dark. The plates were then transferred for the postanoxic 
recovery to monitor the plant survival (23 °C and 12 h light photoperiod, PAR ~100 
µmol m
-2
 s
-2
).  
 
Hydrogen peroxide quantification 
Hydrogen peroxide production was measured using the Amplex Red 
H2O2/peroxidase assay kit (Molecular Probes, Carlsbad, California) following the 
manufacturer’s instructions. Plant material extraction was performed using 50 mg of 
frozen tissue ground in 200 µl of 20 mM sodium phosphate buffer (pH 6.5), 
according to the protocol developed by the Schachtman Laboratory (Shin and 
Schachtman, 2004). After centrifugation at 10,000 rpm for 10 min (4 °C), 50 µl of 
supernatant were used for Amplex Red assay. 
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Molecular analysis 
Total RNA was extracted using a RNAqueous kit (Applied Biosystems, Foster City, 
California), according to the manufacturer’s instructions, and subjected to DNase 
treatment using TURBO DNA-free kit (Ambion, Foster City, California). Five 
micrograms of RNA were reverse-transcribed using the High-Capacity cDNA 
Archive kit (Applied Biosystems). Transcript abundance was analyzed by Real-Time 
Reverse Transcription PCR, using TaqMan probes (Applied Biosystems/Ambion) 
and primers specific for each gene (Supplemental Table S3), using an ABI Prism 
7000 sequence detection system (Applied Biosystems). PCR reactions were carried 
out using 50 ng of cDNA and TaqMan Universal PCR master mix (Applied 
Biosystems/Ambion) or qPCR MasterMix Plus for SYBR® green I (Eurogentec, 
Liège, Belgium), following the manufacturer’s protocol. The relative expression 
level of each gene was quantified with the comparative threshold cycle method, as 
described in the ABI PRISM 7700 Sequence Detection System User Bulletin 
Number 2 (Applied Biosystems), using Ubiquitin10 (At4g05320) as an internal 
reference. PCR reactions for each of the three biological replicates were performed in 
duplicate. 
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Table II. Overview of the ROS related Affymetrix Arabidopsis microarrays studies used 
for the analysis. flu 30’/1/2h, flu mutant shift from dark to light (op den Camp et al., 2003); 
AOX1a-AS, AOX1a-AS mutant (Umbach et al., 2005); MV 1/6/12h, MV 1, 6, 12 h 
treatment (Dr Kirch, NASCArray repository); O3, 1 h of O3 fumigation at 200 ppb (Dr. 
Shirras, NASCArray repository); H2O2, 1h of H2O2 treatment at 20 mM (Dr. Mittler, 
NASCArray repository). GS indicates the growth stage (Boyes et al., 2001). 
 
Sample 
description 
GS
(7
) 
Treatment ROS Accession Arrays Rep Ref 
flu mutant in ler 
background 
leaves 
1.02 
dark to light 30’, 1 
h, 2 h 
1
O2 plast GSE10876 6 1 
flu 
30’/1/2h 
AOX1a-AS 
mutant in Col 
background 
leaves 
1.09 - O2
-
 mit GSE2406 4 2 
AOX1a-
AS 
Col-0 root and 
shoot 
1.04 
10 µM MV 30’, 1, 
3, 6, 12, 24 h 
O2
-
 mit/chl 
NASCARRAYS-
143 
44 2 
MV 
1/6/12h 
Seedlings 1.02 1 h O3 200 ppb O2
-
, H2O2 
NASCARRAYS-
26 
6 3 O3 
Seedlings 1.0 20 mM H2O2 1 h H2O2 
NASCARRAYS-
338 
6 3 H2O2 
 
 
 
Table S1: List of genes significantly regulated both in roots and seedlings/shoots experiments under 
O2 
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deprivation.
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Supplemental Table S2: Regulation of Heat Stress orthologous genes in tolerant/sensitive rice 
varieties under submergence. 
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Significant up-regulation 
 
 
 
 
 
Supplemental Table S3: Primer sequnces for RealTime PCR 
 
Gene Forward Reverse 
At2g26150 (HsfA2 ) GTGTTGAGGTTGGGCAATACG TTGCTGTTGCCTCAACCTAACTAC 
At4g10250 (HSP22) CGGTTCCCTGATCCATTCAAGAT ACAGAGCCACGCTTGTGT 
At4g05320 (UBQ10) CGTTAAGACGTTGACTGGGAAAACT CTCTCCACCTCCAAAGTG 
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Supplemental Figure S1: Hierarchical clustering based on Pearson correlation of the raw normalized 
expression values of O2 deprivation arrays, generated from treated samples only.For the data 
accession of  
the CEL file refer to the original publication 
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Supplemental Figure S2: Hierarchical clustering based on Pearson correlation of the raw 
normalized expression values of ROS related arrays, generated from treated samples only. For 
the data accession of the CEL file refer to the original publication. 
 
 
 
 
 
 
 
Supplemental Figure S3: Genes regulated by anoxia. hypoxia and O2 deprivation in Arabidopsis 
microarray datasets of roots. The core of O2 deprivation up-regulated genes was defined considering 
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genes significantly regulated in at least five experiments out of the nine by van Dongen et al. (2008) 
and at least one experiment out of the two by Lee et al. (2011) Genes were defined "anoxic" when 
significantly regulated in both the conditions analysed by Lee et al. (2011) and none or one from van 
Dongen et al. (2008). A, Heat map showing the expression profile of genes regulated by low O2 in 
roots. Value represents log2 and colour indicates significant change (p<0.05). B, Venn diagram 
showing significantly regulated genes in roots, seedlings-shoots and the overlap between them. 
Abbreviations: Hyp, 30', 2 and 48 h at 1, 4, and 8% O2 (van Dongen et al.. 2008); S 7/24h. 7 and 24 h 
of submergence treatment (Lee et al., 2011). 
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Supplemental Figure S4: Hierarchical average linkage clustering of 199 transcripts up-
regulated in both the ROS-generating and O2 deprivation experiments, considering at least one 
significantly regulated of the ROS-generating experiments and at least one of the O2 
deprivation experiments. 
 Chapter 4 
 
149 
 
 
 
 Chapter 4 
 
150 
 
Supplemental Figure S5: Hierarchical average linkage clustering of 96 transcripts down-
regulated in both the ROS-generating and O2 deprivation experiments, considering at least one 
significantly regulated of the ROS-generating experiments and at least one of the O2 
deprivation experiments. 
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upplemental Figure 6. Hierarchical average linkage clustering of seedlings/shoots stress 
related genes regulated in 6 h anoxic experiments with different sucrose treatment. A 6h1, 6 h 
of anoxia treatment without or with 90 mM sucrose (s) added before the treatment (Loreti et 
al., 2005); A 6h2, 6 h of anoxia treatment with 90 mM of sucrose in the growing media 
(Banti et al., 2010). 
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CONCLUSION AND FUTURE PERSPECTIVES 
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In this thesis, recent advances in understanding the mechanisms of response to excess 
water (i.e., submergence and waterlogging stresses) and to low O2 stress in general 
are summarized in the first introductive chapter. In subsequent chapters, 
physiological adaptive responses and molecular mechanisms in both rice and 
Arabidopsis were investigated. 
About rice, the discovery of the Sub1A, SK1/SK2 and CIPK15 genes for 
submergence tolerance (Xu et al., 2006; Hattori et al., 2009; Lee et al., 2009) 
unveiled the molecular physiology of the rice responses. Different rice groups 
activate distinct mechanisms to survive flooding. In particular,  Sub1A-1 has been 
identified as the key determinant of submergence tolerance based on the 
“quiescence” strategy, while  deepwater rice varieties are characterized by a 
tolerance strategy based on the rapid internode elongation (“escape” strategy, 
Voesenek & Bailey-Serres, 2009) regulated by the two ERFs genes SK1 and SK2 
(Hattori et al., 2009). In submerged seedlings, -amylase are involved in starch 
degradation and sugar availability (Perata et al., 1993), allowing rice to germinate 
and grow under hypoxia. The CIPK15-dependent pathway was recently indentified 
as a key regulator of α-amylase abundance under limited O2 (Lee et al. 2009). 
Based on these recent discoveries, the responses of two rice varieties that differ 
in their ability to survive submergence because of the presence or absence of the 
Sub1A, SKs and CIPK15 genes has been analyzed. FR13A is a submergence-tolerant 
variety displaying the typical Sub1A response (limited elongation when submerged). 
AP on the other hand, was selected because of its fast-elongating phenotype under 
submergence in the absence of Sub1A and SKs (Chapter 2, Fig. 1A and B). This kind 
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of variety is successful only when the effort to reach the water surface is not so long 
to consume all the plant energy. 
 From previous works, it’s known that the amount of carbohydrate reserves has 
been positively correlated with the level of submergence tolerance (Greenway & 
Gibbs, 2003; Jackson & Ram, 2003; Das et al., 2005) and long term submersion may 
produce extensive carbohydrate consumption leading to energy starvation. In our 
study, AP, the variety more sensitive to submergence, showed a higher abundance of 
soluble sugars when compared to FR13A (Chapter 2, Fig. 5A), but a significant 
reduction in TSS together with a reduction in starch content was observed after 
submergence in AP only. A similar response was observed by Fukao et al. (2006) in 
the leaves of the intolerant line M202 when compared to the tolerant M202(Sub1A), 
relating the reduced α-amylase and sucrose synthase mRNA accumulation to the 
lower activity of starch and sucrose degrading enzymes (Fukao et al., 2006).  
Another important aspect from our research is that tolerance to submergence 
was greatly enhanced by exogenous sucrose even in a submergence-intolerant variety 
such as AP (Chapter 2, Fig. 4). Moreover, sucrose improved the elongation of 
FR13A, bypassing the suppressive role played by the presence of the Sub1A gene. 
Interestingly, FR13A displayed a reduction of Sub1A and ADH2 genes when a 
sucrose solution was used to submerge the seedlings (Chapter 2, Fig. 7), suggesting 
that there might be an interaction between the Sub1A–dependent pathway and sugar 
signalling.  
From our results, we conclude that sucrose availability modulates the 
expression of Sub1A and of its downstream gene ADH2. In addition, RAmy3D and 
CIPK15 are up-regulated by starvation in AP but not in FR13A, suggesting a cross-
talk between the Sub1A and the CIPK15 pathways in which Sub1A likely dampen the 
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starch catabolism going through CIPK15. Increasing the understanding of how sugar 
sensing and signalling interferes with Sub1A-1, and the possible negative interplay 
between the Sub1A-1 and CIPK15 pathways is one of our future goal. 
In the second project (Chapter 3), the aerenchyma formation mechanism in the 
same two rice varieties, FR13A and AP, was investigated. Although the two varieties 
differ profoundly in their tolerance mechanisms, they both display increased 
aerenchyma formation when submerged, indicating that not only fast elongating 
varieties, but also Sub1A-containing varieties likely rely on O2 transport to the 
underwater organs when submergence is shallow.  
The mechanism of aerenchyma formation appears to be similar in AP and FR13A 
leaf sheaths and is based on progressive cell-death along the peripheral tissues of the 
aerenchymatous tubes under submersion (Capter 3, Fig. 2C and 3), but the signaling 
events leading to aerenchyma formation were very different. In FR13A, the 
activation of the Sub1A gene (Xu et al., 2006) probably limited the submergence-
induced ethylene production. Indeed, M202(Sub1A) has a lower accumulation of 
ethylene under submergence than M202 (Fukao et al., 2006). On the other hand, AP, 
which does not have the Sub1A gene, displays a remarkable induction of ACO, 
probably leading to the observed higher ethylene synthesis under submergence.  
Therefore, although ethylene is known to be a key component in the lysigenous 
aerenchyma formation under waterlogging through program cell death (for a review 
see Shiono et al., 2008), it does not explain aerenchyma formation in FR13A. In 
agreement with our hypothesis that ethylene plays only a minor role in aerenchyma 
formation in FR13A, treatment with the ethylene biosynthesis inhibitor AVG 
resulted in a significant reduction in aerenchyma in AP only (Chapter 3, Fig. 4C). 
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Interestingly, we found a clear increase in H2O2 concentrations in submerged 
FR13A plants (Chapter 3, Fig. 5A). In our experiments, treating the leaf sheaths with 
DPI, an inhibitor of the ROS-producing NADPH oxidase enzyme, resulted in a 
reduced aerenchyma formation in both FR13A and AP.  
In our hypothesis, ethylene signaling is likely poorly involved in aerenchyma 
formation in FR13A, due to the presence of Sub1A that limits its production when 
submerged, and these varieties have improved alternative signals to enhance 
aerenchyma formation, which presumably help the plant to survive shallow flooding. 
The production of ROS in submerged Sub1A rice varieties, such as FR13A, may be 
that signal. Indeed, in Arabidopsis plants under submergence the dual role of both 
ethylene and ROS in aerenchima development as been proved (Mühlenbock et al., 
2007). Further analyses are in progress to evaluate the possible role of the Sub1A 
gene in activating ROS signaling and to determine its relationship to aerenchyma 
formation under submergence.  
Reactive oxygen species (ROS) play a multitude of signaling roles in different 
organisms from bacteria to mammalian cells. Currently, it is know that they are not 
only toxic byproducts of aerobic respiration but these molecules play pivotal roles in 
the complex signaling network of cells. The balance between cellular ROS 
production and scavenging enables a rapid and dynamic change in tissue and 
subcellular ROS levels (Mittler et al., 2011). 
Data from literature (Baxter-Burrel et al., 2002; Banti et al., 2010) suggest a role 
for ROS signaling in plant adaptation to low O2. In fact in the third project (Chapter 
4), we analised the ROS signature in transcriptomic studies related to low O2. Our 
results show that a group of genes regulated by anoxia, most of which are heat-
related, are suggestive of a ROS component in the signaling pathway. This signaling 
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seems to be independent from the N-end rule pathway recently identified in 
Arabidopsis for activation of anaerobic genes through a direct O2 sensing mechanism 
(Gibbs et al., 2011; Licausi et al., 2011). In fact, a set of genes that respond to anoxia 
overlaps with a group of ROS-regulated genes and we observed an early, transient 
peak of H2O2 production under anoxia but not hypoxia. It was previously know from 
literature that anoxia triggers an oxidative burst in which H2O2 plays a role (Baxter-
Burrel et al., 2002; Banti et al., 2010). Among the genes up-regulated in both O2 
deprivation and ROS datasets, our analysis identified a functional group of  genes 
related to heat stress (Chapter 4,  Fig. 2 and 3), including several HSPs but also heat-
shock TFs (e. i. HsfA2, HsfA7A and HsfB2A). Banti et al. (2010) proposed H2O2 as 
the signaling element linking anoxia and heat stress. Anoxia, but not hypoxia, may 
activate a more complex mechanism of response to low O2 rather than a simple 
switch to fermentative metabolism (Licausi, 2010).  
Additionally, the role of a NADPH oxidase (RBOHD), a producer of O2
-
 and thus 
H2O2 under several stress condition, was investigated during low O2 condition, 
wondering whether RbohD could be involved in the signaling cascade responsible for 
the induction of HsfA2 under anoxia. ROS generated via NADPH oxidase might 
represent the link in common stress signaling (Miller et al., 2009), and RbohD is 
induced by low oxygen stress and H2O2 treatment (Chapter 4, Fig.5). Our results 
show that rbohD
-
 plants are more sensitive to anoxia and that the induction of some 
ROS-related genes (e.i. HsFA2 and ZAT12) is dampen in this mutant. 
From our results we conclude that one of the mechanisms that allows 
Arabidopsis to survive longer under O2 absence partially involves RbohD, likely 
involved in the signaling cascade responsible for the induction of ROS-related TF 
under anoxia. This is in agreement with the previous found that anoxia-tolerant 
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plants overexpressing HsFA2 do not over-express classic anaerobic genes (Banti et 
al., 2010) and with the finding that adh
-
 mutant acclimate to anoxia through a mild 
heat stress (Banti et al., 2008; Elis et al., 1999). 
The study of ROS signalling, and of ROS role as indirect mechanism guiding 
the low O2 response, is still under debate. Unknown players in this mechanism exist 
and would be important to know, since ROS are master players in many biotic and 
abiotic stresses. Indeed, to develop crops able to survive in multiple extreme 
condition could have a significant impact on agriculture and biotechnology. In our 
context, one of the interesting aspects that we would investigate is the putative 
interaction of ROS production with the direct sensing mechanism of O2 recently 
found (Licausi et al., 2011; Gibbs et al., 2011). Future studies will unveil whether 
these ways overlap or work in parallel. 
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